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The product of the yeast SUP4S gate (Sup45p) is highly 
homologous to the Xenopus eukaryote release factor 1 
(eRFl), which has release factor activity in vitro. We 
show, using the two-hybrid system, that in Saccharo- 
myces cerevisiae Sup45p and the product of the SUP35 
gene (Sup35p) interact in vivo. The ability of Sup45p 
C-terminaily tagged with (His)* to specifically pre- 
cipitate Sup35p from a cell lysate was used to confirm 
this interaction in vitro* Although overexpression of 
either the SVP45 or SUP35 genes akme did not reduce 
the efficiency of codon-spedfic tRNA nonsense suppres- 
sion, the simultaneous overexpression of both the 
SUP35 and SUP45 genes in nonsense suppressor tRNA- 
containing strains produced an antisuppressor pheno- 
type. These data are consistent with Sup35p and 
Sup45p forming a complex with release factor proper- 
ties. Furthermore, overexpresslon of either Xenopus or 
human eRFl (SUP45) genes also resulted In anti- 
suppression only if that strain was also overexpressing 
the yeast SUP3S gene. Antisuppression is a character- 
istic phototype associated with overexpresslon of both 
prokaryote and mitochondrial release factors. We pro- 
pose that Sup45p and Sup35p interact to form a release 
factor complex in yeast and that Sup35p, which has 
GTP binding sequence motifs in its C-terminal domain, 
provides the GTP hydrotytic activity which is a 
demon str ated requirement of the eukaryote translation 
termination reaction. 
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Introduction 

In mRNAs the three codons UAA, UAG and UGA are 
almost universally employed to signal termination of 



translation. In bacteria this process is catalysed by one of 
two release factors, RF1 at UAA and UAG codons and 
RF2 at UAA and UGA (Scolnick et aL, 1968). A third 
release factor, RF3, showing some homology to bacterial 
elongation factor EF-G, enhances die rate of RF1 and 
RF2 catalysed termination in a GTP-dependent and codon- 
independent manner (Milman et aL, 1969; Grentzmann 
et aL, 1994; Mikuni et al., 1994). Following peptidyl- 
tRNA hydrolysis to free the nascent peptide, a ribosome 
release factor (RRF) is employed to release the ribosomal 
subunits from the mRNA, enabling diem to participate in 
new rounds of initiation (Hirashima and Kaji, 1972). 

In eukaryotes the process of translational termination 
has been defined less equivocally: it is known that a 
single polypeptide, die eukaryote release factor (eRF) will 
catalyse termination in vitro at all three stop codons in a 
GTP-dependent manner (Goldstein et aL, 1970; Konecki 
et aL, 1977). An additional stimulatory factor V was 
identified, but not further characterized (Konecki et aL, 
1977). Attempts to clone the gene coding for eRF resulted 
in isolation of a gene with 89% amino acid identity to 
bovine tryptophanyl-tRNA synthetase (TrpRS; Lee et aL, 
1 990). However, it was subsequently shown that the TrpRS 
polypeptide purified from rabbit reticulocyte lysates does 
not have eRF activity, but rather co-purifies with a protein 
that does (Frolova et al„ 1993). Using an in vitro peptidyl 
release assay, originally employed to identify components 
of the bacteria] termination complex (Caskey et aL, 1968, 
1973), Frolova et aL, (1994) showed that the eRF protein 
had release factor activity in response to all three termina- 
tion codons. N-Terminal sequencing identified the protein 
as a product of the SUP45 gene family coding for 
closely-related polypeptides, including the Saccharomyces 
cerevisiae Sup45p (Himmelfaib et aL, 1985), Xenopus 
CI 1 (Hassan et aL, 1993) and human TB3-1 (Grenett et aL, 
1992) proteins. Frolova et aL (1994) showed that these 
latter two proteins also have omnipotent release factor 
activity. 

The yeast SUP45 gene codes for a protein (Sup45p) that 
is tightly associated with polysomal ribosomes (Stansfield 
et aL, 1992) and present at a low level in the cell, with a 
molar ratio to ribosomes of < 1 :20 (Stansfield et aL, 1992), 
an abundance typical of the Escherichia coli release factors 
RF1 and RF2 (Klein and Capecchi, 1971). Mutant alleles 
of the SUP45 gene which exhibit either omnipotent 
suppressor (supl, Inge-Vechtomov and Andrianova, 1970; 
sup45, Hawthorne and Leupold, 1974) or ailosuppressor 
phenotypes (sal4. Cox, 1977) are known. Allosuppressors 
are selected on the basis of an ability to enhance the 
suppressor efficiency of the weak ochre suppressor tRNA 
SUQ5, while omnipotent suppression is thought to result 
when the limited nonsense suppressor ability of some 
wild-type tRNAs is enhanced (Stansfield et aL, 1995). 
Both the omnipotent and ailosuppressor phenotypes can 



C Oxford University Press 



4365 



LStansfiaftd* 4. 



be associated with a single sup45 allele (Stansfield et aL* 
1995X as would be expected of a gene encoding a protein 
with release factor activity. 

Although the release factor activity of yeast Sup45p 
protein has not been formally demonstrated using the 
in vitro biochemical termination assay, it seems extremely 
likely that it does perform this role in vivo* for two 
reasons: first, the yeast Sup45p polypeptide exhibits a 
high degree of amino acid identity with the Xcnopus 
(Cll) and human (TB-3) eRFl proteins (68 and 66% 
respectively; Frolova et aL* 1994); second, the Xenopus, 
human and Syrian hamster eRFl genes can be used to 
functionally replace the S.cerevisiae SVP45 gene in vivo 
(B.Urbero, L.Eurwilaichitr, LStansfield, M.Philippe, 
M.Kress and MF.Tkiite, in preparation). 

A eukaryote gene family has thus been identified which 
codes for proteins with omnipotent release factor activity. 
However, the translation termination process is known to 
be GTP dependent in rabbit reticulocyte systems 
(Goldstein et al.* 1970; Konecki et aL* 1977), yet the 
SUP45 gene family members show no homology to any 
known GTP binding sequence motifs (LStansfield and 
M.FTuite, unpublished data). This raises the question of 
whether eRFl (Sup45p) is the only component of the 
eukaryotic release factor. One potential candidate protein 
with GTP binding sequence motifs, which by virtue of 
its mutant phenotypes may play a role in translation 
termination, is the product of the SUP35 gene (Sup35p; 
Tiiite and Stansfield, 1994). Like the SUP45 gene, the 
SUP35 gene was identified through both allosuppressor 
and omnipotent suppressor mutational screens and, like 
Sup4Sp, Sup35p is also closely associated with the ribo- 
some at an approximate stoichiometry of 1 mol Sup35p 
to 20 mol ribosomes (Didichenko et al.* 1991). In the 
following work we confirm that Sup35p and Sup45p 
interact both in vivo and in vitro and that they act in 
concert to form a functional termination complex in vivo 
in S.cerevisiae. 

Results 

SupSSp and Sup45p can intaract in mo 

The yeast SUP35 and SUP45 genes have a number of 
properties in common. Both genes were identified through 
screens for omnipotent suppressor mutations (Inge- 
Vechtomov and Andrianova, 1 970; Hawthorne and 
Leupold, 1974) and for allosuppressor mutations (Cox, 
1977) and both gene products Sup35p and Sup45p are 
associated with polysomal ribosomes, with a probable 
location on the 40S subunit (Didichenko et a/., 1991; 
Stansfield et aL* 1992). TWo observations indicate that 
these two proteins either participate in a common process 
or interact directiy: first, a saiS sai4 {supJ5 sup45) double 
allosuppressor mutant is inviable (Cox, 1977); second, an 
increased dosage of the SUP45 gene relieves the degree 
of temperature sensitivity of some sup35 conditional- 
lethal mutations, while overexpression of SUP35 partially 
complements a sup45 temperature-sensitive mutation 
(Ter-Avanesyan et al.* 1984, 1993). 

In order to confirm that Sup35p and Sup45p interact 
in vivo* the GAM-based two-hybrid system was employed 
as a direct assay of protein-protein interaction in vivo 
(Fields and Song, 1989; Chien et aL* 1991). Hie SUP35 
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Fig. 1. Two-hybrid analysis of Sup35p interaction with Sup45p. 
p-Galactostdase activities of cell lysates of strain Y526 both 
untransformed and transformed with pair-wise combinations of the 
two-hybrid vectors were determined (where background activity 
represented by the untransformed Y526 strain was taken as 0 pmol/ 
min/mg protein). fKtelactosidase activities are the mean of three 
determinations. Error bars represent ± 1 SD. Domains of proteins 
expressed, in terms of amino acid numberings, are given in Table H. 

and SUP45 genes were cloned in-frame downstream of 
the GALA activation and binding domains respectively 
(see Materials and methods). The two plasmids thus 
generated, together with a number of control constructs 
detailed below, were transformed in different pair-wise 
combinations into the S.cerevisiae host strain Y526 (Battel 
et aL* 1993a), carrying the GALJ-lacZ gene fusion to 
assay Gal4p activation of GAL1 transcription (Fields and 
Song, 1989). The activity of the p-galactosidase reporter 
was assayed initially by colony colour, using the chromo- 
genic substrate 5-bromo-4-chlorr>3-indolyl-P-D-galacto- 
side (X-gal). For each of the different classes of 
transformant detailed in Figure 1, five independent double 
transformants were screened, including a number of pair- 
wise control combinations of plasmids. The results showed 
that neither Sup45p-bd nor Sup35p-ad fusion proteins 
alone interacted with the complementary GALA domains, 
the colonies of these double transformants remaining white 
on X-gal medium (not shown). There was also no non- 
specific interaction of Sup45p-bd or Sup35p-ad fusions 
with other proteins, exemplified by GALA domain fusions 
with the dimerization domain of transcription factor CPF1 
(Dowell et aL* 1992). Only double transformants 
expressing both bd-Sup45p and ad-Sup35p fusions 
(pUKC601/pUKC605) gave a blue colony colour with 
X-gal (not shown). 

These results were confirmed using the P-galactosidase 
assay (Figure 1), with all control cell lysates exhibiting 
{J-galactosidase activities approximately equivalent to the 
background levels of activity measured in the untrans- 
formed Y526 host strain lysate. However, the fi-galacto- 
sidase activity of the lysate expressing the bd-Sup45p 
plus ad-Sup35p protein fusions was measured at 227 
pmol/min/mg protein above background, strong evidence 
that Sup45p and Sup35p interact directly in vivo. Moreover, 
this activity was twice that measured in a positive control 
transformant expressing both the ad and bd fusions of 
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Snflp and Snf4p respectively (not shown), two proteins 
whose interaction has been previously demonstrated using 
the two-hybrid system (Fields and Song, 1989). 

Sup45p end Sup3Sp also interact in vitro 

To confirm that Sup45p and Sup35p specifically interact, 
the ability of immobilized Sup4Sp to precipitate Sup35p 
from a post-ribosomal supernatant (PRS) was tested. The 
immobilization cf Sup45p onto nickel (Ni-NTA)-agaiose 
beads was achieved by tagging the polypeptide at its C- 
terminus with a (Hisfe peptide (see Materials and methods). 

The multicopy plasmid pUKC625 encoding the 
Sup45p(His) 6 construct was transformed into yeast strain 
MT552/36d and a PRS prepared. Since Sup3Sp and 
Sup45p are both known to bind to the AOS ribosomal 
subunit and 80S ribosomes (Didichenko et a/., 1991; 
Stansfield et a/., 1992). the preparation of a PRS fraction 
by removal of ribosomal material from the Sup45p(His) 6 
lysate was felt to be essential for assessing interactions 
between the two polypeptides in solution. 

The PRS, containing Sup45p(His) 6 in high salt concen- 
tration (0.8 M KC1) lysis buffer, was repeatedly passed 
through Ni-NTA-agarose, ensuring preferential binding 
of Sup45p(His) 6 to the resin and limiting non-specific 
binding of other proteins. The majority of non-specifically 
bound proteins were removed by washing the resin under 
stringent conditions of low pH and high salt and glycerol 
(Materials and methods). This resulted in a preparation of 
partially purified Sup45p(His) 6 bound to the nickel resin. 
A control nickel resin was prepared in the same way using 
a PRS prepared from un transformed strain MT552/36d. 
This control resin had the same non-specific complement 
of PRS proteins bound to it, but lacked any bound 
Sup45p(His) 6 detectable by immunoblot assay. 

In order to investigate the Sup45p-Sup35p interaction, 
the Sup45p(His) 6 -restn and the control resin were tested 
for their ability to precipitate Sup35p from solution. 
Sup35p was overexpressed in yeast strain MT422/lc 
transformed with plasmid pUKC606, from which a PRS 
(Sup35p enriched) was prepared. The Sup35p-rich PRS 
was then incubated with either the Sup45p(His) 6 -resin or 
the control resin for 2 h in a low salt buffer to promote 
protein-protein interactions. Both control resin and 
Sup45p(His) 6 -resin were then returned to columns to 
facilitate washing. 

Samples of the Sup35p-rich PRS were analysed by 
SDS-PAGE and Western blotting before and after incuba- 
tion with the two resin preparations, as were, after exten- 
sive washing, samples of the Sup45p(His) 6 -resin and 
the control resin. The Western blots were probed with 
antibodies to Sup35p and Sup45p (Figure 2b and c). The 
results show that the Sup45p(His) 6 was immobilized on 
the Ni-NTA resin, whilst no Sup45p was detectable on 
the control resin (Figure 2b). The small amounts of Sup45p 
present in the Sup35p PRS, derived from expression of 
the genomic copy of SUP45, were not detectable under 
the conditions used. 

Sup35p was detectable in the Sup35p-rich PRS (Figure 
2c) and to a lesser extent in the supernatants following 
incubation with the two resin types. This loss of Sup35p 
from the PRS was due to non-specific adsorbtion of 
Sup35p onto the control resin (data not shown) and specific 
interaction of Sup35p with Sup45p on the Sup45p(His) 6 - 
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Fig. 2. Precipitation of Sup3Sp from a post-ribosomal supernatant 
(PRS) by immobilized Sup45p (His)^ The PRS fraction from a yeast 
strain overexpressing Sup35p was incubated with either Ni-NTA resin 
loaded with Sup45p(His)« or a Sup45p-free control resin (Materials 
and methods). Following washing, equal quantities of the two resins 
and post-incubation supernatant fractions were assayed for total 
protein by Coomassie blue staining of SDS-PAGE gels (a) and the 
presence of Sup45p (b) or Sup35p (c) detected on immunoUots 
probed with Sup45p and Sup35p affinity-purified antibodies (Materials 
and methods). Lane 1, Sup35p-enriched PRS; lane 2, supernatant 
following incubation with control resin; lane 3, control resin following 
washing; lane 4. supernatant following incubation with Sup45p(His) ff - 
resin; lane 5. resin-bound Sin^Spflfisfc following washing. The 
positions of migration of molecular mass markers are shown, as are 
the positions of the bands representing Sup45p and Sup35p. 



resin. This difference in the nature of Sup35p interaction 
with the two resins was clearly demonstrated by the fact 
that while no Sup35p was retained on the control resin 
following washing, Sup35p remained tightly bound to the 
Sup45p(His) 6 -resin (Figure 2c). These data confirm that 
Sup35p interacts tightly and specifically with Sup45p in 
solution. In a complementary experiment which employed 
the reverse strategy, a glutathione S-transferase~Sup35p 
fusion protein bound to glutathione-agarose beads was 
used to precipitate Sup45p from a cell lysate, further 
confirming that Sup35p and Sup45p interact in vitro (data 
not shown). 

Multicopy expression phenotypes of the SUMS 
end SUP3S genes 

The rabbit, Xenopus and human homologies of yeast 
Sup45p have peptidyl release activity in an in vitro assay 
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Ffe X Simultaneous werexpression of Sup35p and Sup45p acts to tntisuppress the ochre suppressor tRNA 5UP4. Strain MT422/lc carrying the 
SUP4-0 tRNA ochre suppressor and the ade2-l ochre allele was transforrned with the pair-wise combinations or plasmids indicated and growth of 
three independent tratisforroants 00 the control medium ( + adenine) compared with growth 00 defined medium lacking adenine. Each yeast 'colony* 
represents ~ I X 10 5 cells spotted onto the defined medium in 3 uJ water and allowed to grow for 3 days at 30°C Expressed proteins coded for by 
S.cerrvisiae genes are designated Sc. by Xenopus larvis cDNA, XI and by human cDNA, Hs. 



of the translation termination reaction (Frolova et a/., 
1994). One characteristic typical of release factors is that 
their overexpression produces an antisuppressor phenotype 
in a SUP tRNA genetic background, by out-competing 
suppressor tRNAs during stop codon binding (Weiss,R.B. 
et aL % 1984; Pel et aL 9 1992). It might therefore be 
expected that the yeast SUP45 gene would act as an 
antisuppressor when overexpressed, given the reasonable 
assertion that it too encodes a protein with eRFl activity 
(Tassan et aL 9 1993; B.Urbero, L.Eurwilaichitr t LStansfield, 
M.Philippe, M.Kress and M.F.Tuite t in preparation). How- 
ever, overexpression of the yeast SUP45 gene from a 
multicopy plasmid does not generate an antisuppressor 
phenotype (LStansfield and MJlTtiite, unpublished data) 
The SUP35 gene also does not act as an antisuppressor 
when overexpressed, instead causing increased suppres- 
sion of nonsense codons (Chemoff et al % 1993). We 
therefore examined whether simultaneous overexpression 
of both SUP35 and SUP45 genes could produce an 
antisuppressor phenotype: a positive result would indicate 
that in vivo Sup35p and Sup45p form a complex with 
release factor properties. 

To test this hypothesis we employed two multicopy 
plasmids to overexpress the Sup35p and Sup45p proteins 
simultaneously in a yeast strain carrying the efficient 
ochre suppressor tRNA mutation SUP4, testing for the 
antisuppressor phenotype diagnostic for overexpressed 
release factors. The SUP4 yeast strain used also carried 
the ade2-l ochre mutation, which causes adenine auxo- 
trophy in a SUP * background. Suppression of the ade2-l 
mutation by SUP4 tRNA ordinarily generates an adenine 
prototrophy (Ade*) phenotype in a yeast strain of genotype 
SUP4 adc2-\\ antisuppression of the SUP4 tRNA by 
overexpression of any release factor (complex) should 
result in a reversion to adenine auxotrophy (Ade~). 

Overexpression of either the SUP35 or SUP45 genes 
in isolation had no antisuppressor effect on SI/P4-mediated 
suppression, while overexpression of both SUP35 and 
SUP45 genes in the same strain produced a clear antisup- 
pressor phenotype, indicated by the Ade" phenotype of 



the double transformant (Figure 3). This result indicates 
that Sup45p and Sup35p act in concert as components of 
a release factor complex to mediate translation termination 
in yeast, with neither protein alone being sufficient to out- 
compete the suppressor tRNA. 

Xenopus and human SUP45 genes can couple 
effectively with pane SUP35 to antisuppress an 
efficient tRNA suppressor 

To confirm that Sup35p and Sup45p act together in a 
complex to mediate translation termination, a SUP4 adel-l 
yeast strain carrying the yeast multicopy SUP35 gene was 
transformed with a second plasmid expressing either the 
Xenopus or human SUP45 (eRFl) homologues and tested 
for antisuppressor phenotype. The results show that over- 
expression of Xenopus eRFl (Sup45p/Cll) and SUP35 
generated an antisuppressor phenotype, as did overexpres- 
sion of SUP35 with human eRFl (TB3-1; Figure 3). 
Neither overexpression of Xenopus eRFl alone nor human 
eRFl alone generated an antisuppressor phenotype (data 
not shown). The antisuppressor phenotype in the two 
heterologous combinations appeared qualitatively to be as 
efficient as that generated by the combined overexpression 
of yeast Sup45p and yeast Sup3Sp (Figure 3). 

This result confirms that human and Xenopus eRFl 
proteins can interact functionally with the yeast Sup35p 
protein producing a phenotype typical of that expected 
from release factor complex overexpression. The findings 
also lend further credence to the assertion that yeast 
Sup45p represents the S.cerevisiae eRFl protein, since in 
multicopy the yeast SUP45* Xenopus CI 1 and human TB-3 
genes all generate a similar antisuppression phenotype 
with the yeast SUP35 gene. 

Antisuppression due to co-expression ofSUP3S 
and SUP45 is not restr ic ted to m single tupprm&or 
tRNA species and ia effective against ochre, amber 
and UGA suppression 

To confirm that the simultaneous overexpression of SUP35 
and SUP45 could act to antisuppress suppressor tRNAs 
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Table L, Simultaneous overexpression of Sup35p and Sup45p acts to antisuppress all three stop codons 


Termination codon Percentage stop codon readthrough* 




Fold-reduction in suppressor 
effictency b 


None 

(pEMBLYe23) 


Sup45p 
(pVK62) 


Sup45p and Sup35p 
(pVK63) 


UAA 4.6 ± 0.4 
UAG 0.66 ± 0.02 
UGA 073 ± 0.03 


4.5 ±034 
0.65 ± 0.05 
0.27 ± 0.06 


1.77 ± 075 
079 ± 0.04 
0.18 ± 0.03 


2.6 
Z3 
1.4 



'Strain 5V-HI9/DBY746 carrying the SUQ5 suppressor tRNA was transformed with either plasmid pEMBLYe23 (control), pVK62 to overexprcss 
SUP45 or pVK63 to overexprcss both SUP35 and SUP45, in different pairwise combinations with either pUKC815-U pUKC817-L. pUKC8l8-L or 
pUKC8!9-U to quantify nonsense suppression levels (Materials and methods). 0-Galactosidase activities in each of the pUKC817-L, pUKC818-L or 
pUKC819-L transformants. representing the levels of UAA, UAG and UGA suppression respectively, were expressed as a percentage of the 0- 
osidase activity in the pUKC815-L transformant. Values are the means of three independent assays ± 1 SD. 
reduction in suppressor efficiency occuring with Sup45p and Sup35p co-overexpression. 




other than SUP4, the experiment was repeated in a [psi+] 
diploid strain (5V-H19/DBY746) heterozygous for SUQ5. 
which encodes the weak ochre suppressor tRNA 5 ". A 
lpsi + ] strain was selected so as to elevate the ordinarily 
inefficient S£/Q5-mediated suppression to more easily 
detectable levels (Cox, 1965). 

To accurately quantify any antisuppressor effect, the 
plasmids pUKC815-L, pUKC817-L, pUKC818-L and 
pUKC819-L (Stansfield et a/., 1995; Materials and 
methods) were introduced into the SUQ5/suq5 + \psi+] 
strain overexpressing SUP35 and SUP45. This was 
achieved by mating 5V-H19[pVK63] with DBY746 trans- 
formed with different pUKC-8 1 5 series vectors. 
pUKC815-L consists of a PGKl-lacZ gene fusion, while 
the pUKC817-L, pUKC818-L and pUKC819-L plasmids 
are identical to pUKC815-L except that one of the three 
termination codons, TAA, TAG and TGA respectively, is 
cloned in-frame at the junction of the PGK1 and iacZ 
genes (Stansfield et a/., 1995). Any suppression of the in- 
frame premature stop codons will result in 0-galactosidase 
activity and the levels of (J-galactosidase activity can 
therefore be used to quantify suppressor or antisuppressor 
phenotypes. 

In the lpsi+] SUQ5tsuq5 + strain the level of ochre 
codon suppression in a pUKC817-L transformant was 
4.6% of control jJ-galactosidase activity of a pUKC815- 
L transformant (Table I). Overexpression of SVP45 in a 
pVK62 transformant had no effect on stop codon suppres- 
sion levels (Table I). However, simultaneous overexpres- 
sion of SUP3S and SUP45 using plasmid pVK63 resulted 
in a 2.6-fold decrease in UAA suppression. The suppres- 
sion of UAG and UGA termination codons observed in 
the \psi+] suq5 + JSUQ5 strain and measured using plasmids 
pUKC818-L and pUKC819-L was also reduced 2.3- and 
1.4-fold respectively in the pVK63 transformants (Table 
I). We propose that this suppression derives from the 
action of natural suppressor tRNAs (Stansfield et aL 9 
1995), including a UGA suppressing tRNA Trp (Tuite and 
McLauchlin, 1982), a UAG suppressing tRNA GIn CAG (Pure 
et al., 1988) and tRNA Gln CAA capable of suppressing UAA 
(Weiss, W.A. and Frieberg, 1987). 

To further confirm that the antisuppressor phenotype was 
effective against UGA suppression, the adenine prototroph 
strain MT576/5c, essentially SUP4 UCA ade2 uc \ was trans- 
formed with the different pair-wise combinations of 
plasmids detailed in Figure 4. These resulted variously in 
either SUP35 or SUP45 overexpression alone or simul- 



taneous SUP35 and SUP45 overexpression. The results 
show that of all combinations only overexpression of 
Sup35p and Sup45p together is effective in antisuppressing 
the UGA suppressor tRNA, indicated by the adenine 
auxotrophy phenotype of this double transformant 
(Figure 4). 

Taken together, the results presented in Table I and 
Figure 4 demonstrate clearly that overexpression of 
Sup35p and Sup45p together produces an antisuppressor 
phenotype effective against suppression at all three stop 
codons. This directly infers that the Sup35p-Sup45p 
protein complex acts to catalyse termination at all three 
stop codons. 

The results additionally confirm that the antisuppressor 
phenotype produced when Sup35p and Sup45p are over- 
expressed together can act to antisuppress both a ser/1- 
tRNA (SUQ5) and a tyrosyl-tRNA (SUP4 UGA ) and that 
antisuppression is therefore not restricted to limiting the 
suppressor efficiency of a single tRNA species. 

Discussion 

Members of the SUP45 (eRFl) gene family have release 
factor activity and can catalyse peptide chain release at 
all three stop codons (Frolova et a/., 1994), yet the 
eukaryote translation termination process is GTP depen- 
dent (Goldstein et aL y 1970; Konecki et aL, 1977). We 
have therefore proposed that SUP35, encoding a protein 
with C-terminal homology to translation elongation factor 
EF-lot, including concensus GTP binding sequence motifs 
(Kushnirov et a/., 1988; Wilson and Culbertson, 1988), 
might supply the necessary GTP hydrolytic activity (Tbite 
and Stansfield, 1994). Like SUP45, mutant alleles of the 
SUP35 gene can be isolated with either an omnipotent 
suppressor or allosuppressor phenotype (Inge-Vechtomov 
and Andrianova, 1970; Cox, 1977), an indication that 
Sup35p may play a role in translation termination. It is 
also likely that homologues of the SUP35 gene will be 
found in a wide variety of organisms; for example a 
human cDNA has been isolated encoding a protein with 
52.3% identity to Sxerevisiae Sup35p (Hoshino et aL> 
1989) and SUP35 homologues have been identified in the 
yeast Pichia pinus (Kushnirov et a/., 1990) and in Xenopus 
laevis (Zhouravleva et a/., 1995) 

We show here, using the two-hybrid system, that the 
yeast eRFl(Sup45p) protein interacts in vivo with Sup35p 
(Figure 1) This interaction was also demonstrated in vitro 
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LStansfMd «tal 



J Three independent douWe-transformants 
Double Transformant Relevant protein(s) expressed grown on defined medium (Hire -leu) 



♦adenine -adenine 



pRS425 + YEp24 



PUKC606 -i- YEp24 



pRS425 + pUKC802 
PUKC606 + pUKC802 

FT*> 4. Simultaneous ovoexpressicm of Sup35p and Sup45p also acts to antisuppress the UGA suppressor tRNA SUP4 VGA . Strain MT576/5c 
canying the SUP4 UGA tRNA suppressor and the odW* 7 ** allele was transformed with the pair-wise combinations of ptasmids indicated and growth 
of three independent transformants on the control medium <+ adenine) compared with growth on defined medium lacking adenine. Each yeast 
'colony' represents -1 x 10 5 cells spotted onto the defined medium in 3 ul water and allowed to grow for 3 ( + adenine plate) or 5 days (-adenine 
plate) at 30°C. 



Sup35p(Sc) 

Sup45p(Sc) 
Sup35p(Sc) + Sup45p(Sc) 




using immobilized Sup45p to precipitate Sup35p (Figure 
2). We have subsequently used gel filtration to demonstrate 
that Sup35p and Sup45p exist as a heterodimer in yeast 
cell lysates (data not shown), again confirming that the 
two proteins form a complex in vivo. That this interaction 
is functionally significant is demonstrated by the anti- 
suppression phenotype accompanying simultaneous over- 
expression of the SUP35 and SUP45 genes (Figures 3 and 
4): this phenotype is typical of and diagnostic for release 
factor genes, having been demonstrated for the prfA and 
prfB genes encoding Eicoli release factors RF1 and RF2 
respectively (WeissJtB. et al % 1984) and the Sxerevisiae 
MRFI gene encoding the mitochondria) release factor 
tnRFl (Pel et aL 1992). In each case increasing the 
cellular levels of the release factor in relation to the 
suppressor tRNA acts to out-compete the tRNA species 
for stop codon binding. Furthermore, we show here that 
this antisuppression phenotype is effective against UAA, 
UAG and UGA suppressors (Table 1 and Figure 4), 
inferring that Sup35p and Sup45p together form an omni- 
potent release factor complex. This finding corroborates 
the results of genetic studies, where mutations in either 
the SUP35 or SUP45 gene resulted in an omnipotent 
suppressor phenotype (Inge-Vechtomov and Andrianova, 
1970; Hawthorne and Leupold, 1974; Stansfield et a/., 
1995). The omnipotence of the yeast release factor com- 
plex, observed in vivo, parallels the in vitro situation in 
Xenopus, where Sup35p is able to enhance, in a GTP- 
dependent manner, the peptidy) release activity of Sup45p 
at all three stop codons (Zhouravleva et ai 9 1995). 

The case for Sup35p and Sup45p together forming a 
release factor complex is strengthened by our finding 
that either of the higher eukaryote SUP45 homologues, 
Xenopus Cll and human TB3-1, both with demonstrated 
eRFl activity (Frolova et a/., 1994), can act in this putative 
release factor complex and couple functionally with yeast 
Sup35p, as indicated by their ability to act as multicopy 
antisuppressors in a strain overexpressing SUP35 
(Figure 3). 

While Xenopus and human eRFl (Sup45p) proteins 
have demonstrated release factor activity in vitro (Frolova 
et ai, 1994), it is not clear whether the level of termination 
activity demonstrated in the in vitro assay would be 



sufficient to out-compete any nonsense suppressor tRNA 
cognate for one of the stop codons if added to the assay, 
i.e. can Sup45p (eRFl) mediate efficient antisuppression 
alone in vitro? We would argue not, based on the results 
presented here, proposing instead that Sup45p is necessary, 
but not sufficient, for efficient in vivo termination. Rather, 
both the Sup45p and Sup35p proteins are required to 
generate the levels of release factor complex activity 
necessary to out-compete suppressor tRNAs and for 
normal cellular translation. 

Confirmation that Sup35p represents a second com- 
ponent of the eukaryote release factor comes from evidence 
that in the in vitro termination assay Sup35p can stimulate 
eRFl (Sup45p) activity in a GTP-dependent manner 
(Zhouravleva et a/., 1995). Nevertheless, the findings 
presented here raise questions about the mechanism of 
eukaryotic translation termination and its relationship to 
the corresponding prokaryote process, as defined by studies 
with ExolL 

A number of differences between the two are immedi- 
ately apparent. Sup35p could, with GTP binding capability, 
perform a role analogous to that of the prokaryotic 
termination factor RF3. RF3, encoded by a non-essential 
gene, stimulates RF1- and RF2-mediated activity in a 
GTP-dependent manner (Milman et al % 1969) and shows 
sequence homology to elongation factor EF-G (equivalent 
to the eukaryote elongation factor EF-2; Grentzmann et a/., 
1994; Mikuni et a/., 1994). In contrast, Sup35p is encoded 
by an essential gene and shows considerable C-terminal 
homology to elongation factor EF-la (Kushnirov et a/., 
1988; Wilson and Culbertson, 1988). The homology of 
RF3 and Sup35p to different elongation factors argues 
for a fundamental mechanistic difference between the 
prokaryote and eukaryote termination processes. Perhaps 
as important in this respect is the observation that over- 
expression of both Sup45p and Sup35p is required to 
enhance the efficiency of termination (Figure 3), again a 
point of difference with prokaryotes, where overexpression 
of RF1 or RF2 alone is sufficient to generate an antisup- 
pressor phenotype (Weiss,R.B. et a/., 1984). 

The identification of Sup35p as an essential protein 
interacting with Sup45p (eRFl) is thus an important first 
step in the characterization of the components of the 
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Table IL Ptasmids used in this study 



Plasmid* 



Protein expressed 6 



Source 



pUKC802 

pUKC606 

pVK62 

pVK63 

pEXl 

pE06 


Sup4Sp 
Sup35p 
Sup45p 

Sup45p and Sup35p 

Xenopus eRFl (Sup45p) (yeast Sup45pl-10, Xenopus, 11-437) 
Human eRFl (Sup45p) (yeast Sup45pl-10, human. 11-437) 


Akhmataka(I99l) 
This study 
This study 
This study 
M.Philippe 
M.Kress 


Two-hybrid vectors 

pUKC601 

pUKC60S 

pC-DD 

pl3-DD 

pGBT9 

pCAD424 


Gal4p bd (l-!47)-Sup45p(l<M37) 
Gal4p ad (768-88 l)-Sup35p(41-685) 
Gal4p ad (768-88 1 hCpfl p(266-35 1 ) 
Gal4p bd (1-147)-Cpnp(266-351) 
GaMpbd (1-147) 
Gal4p ad (768-881) 


This study 

This study 

J.Mellor 

J.Mellor 

Shields 

S.Belds 



•All plasmids in the table carry the 2|i origin of replication and are therefore multicopy in yeast 

^Figures in brackets refer to the amino acids of each protein expressed, numbered with the initiator methionine residue as 1 



eukaryote termination process and will expedite further 
definition of the mechanisms involved. The findings pre- 
sented here also have a direct bearing on related and 
developing issues, such as the suggestion that Sup35p 
may be a prion-type protein, able to adopt different 
conformations: it is proposed that each conformation 
exhibits distinct activities with respect to translation ter- 
mination, giving rise to the yeast non-Mendelian genetic 
phenomenon [psi] (Cox, 1994; "Hiite, 1994; Wickner, 
1994). Finally, we forsee further interest in the notion of 
regulation of translation at the level of termination, with 
the recent finding that the SAL5 gene, mutant alleles of 
which can act to enhance the activity of sup35 and sup45 
omnipotent suppressors (Song and Liebman, 1987), codes 
for a protein, Sal6p, with homology to serine/threonine 
phosphatases (Vincent et aL, 1994). 

Materials and methods 

The S.cerrvisiae strains used in this study were: MT552/36d (MATa 
uroJ-l)'. MT422/U (MATa uroJ-l Ieu2-3J12 his5 2 ade2-l SUP4-o); 
5V-H19 (MAI* adel-l can hi 00 leu2~3,U2 ura3-52 SUQ5 [psi*]); 
DBY746 (MATa his3l leu23JI2 um3 52 trph289)\ MT57675c 
(MATa SUP4 UGA ade2 UGA ura3-l \eu2 3J\2\, Y526 (MAT* ura352 
hisS-200 adel-Wl lys2-80! trpl-901 Ieu2-3,U2 am-/ gal4-542 gal80- 
$38 ura3::GAL!-lacZ). YS26 (Bartel et aL, 1993a) was a gift from 
S.Ftelds (State University of New York at Stony Brook). Escherichia 
coli strain DH5a (F'/endAl hsdRI7 {t^m^) supE44 thi-1 recAJ gyrA 
(NaI R ) relAl MlacZYA-argF) U169 (+80dlac MlacZ)Ml5) was used for 
all cloning experiments. Yeast cultures were grown using standard 
conditions (Sherman, 1991) in YEPD liquid medium (2% w/v Bacto- 
peptone. 1% w/v yeast extract and 3% w/v glucose). Yeast tiansformants 
were grown in 2% w/v glucose, 0.67% w/v yeast nitrogen base without 
amino acids (Difco), supplemented with the required amino acids and 
cc-factors. Bacttru woe grown in LB broth (Sambrock <?: c/„ 1989). 



PUsmid cotati u ction *nd DNA mmdputation 

All DNA manipulations and pUsmid construction techniques were 
carried out using standard protocols (Szmbrook et aL, 1989). The salient 
features of the plasmids used in this work are outlined in Table II. 

PUsmid pEXl consists of the yeast SUP45 promoter and the first 10 
codons of the yeast SUP45 coding sequence ligated to the C-terminal 
428 codons of the Xenopus SUP45 (eRFl) gene. Plasmid pE06 is 
identical, except the sequence coding for the C-terminal 427 codons of 
the human eRFl (SUP45) gene replaces the Xenopus sequence of pEXl. 
These plasmids were generously donated by Dr M.Kress (Laboratoire 
d'Oncolog* Moleciilaire, Vitlejuif, France) and Dr M.Philippe (Univer- 
sity of Rennes, Rennes, France). Plasmid pUKC606 consists of the yeast 



SUP35 coding sequence and promoter on an Xhol-NoA fragment derived 
from plasmid pSM138 (Doel et at, 1994) ligated into the multicopy 
vector pRS425 (Christiansen et aL 1992) cut with Xhol and Not\. 
Plasmid pUKC8G2 was made by cloning the yeast SUP45 promoter and 
gene into the multicopy vector YEp24 (Aldunaloka, 1991). Plasmid 
pUKC601 is a derivative of pGBT9 (Bartel et aL, 1993b) and consists 
of the yeast SUP45 gene sequence coding for amino acids 10-437 
cloned in-frame and downstream of the GALA binding domain. pUKC60) 
was constructed by cloning the SUP45 coding sequence and promoter 
on a Sab-Xhol fragment cut from pUKC8Q2 (Akttmaloka, 1991) into 
pBluescript IIKS+ cut with SaH generating pUKC600. The SVP4S 
sequence coding for amino acids 10-437 was excised from pUKC600 
on a Bgia-Sali fragment and ligated into pGBT9 cut with BanM and 
Sa!l. Plasmid pUKC605 is derived from pGAD424 (Battel et aL, 1993b) 
and was constructed by cloning the 5UP35 codiiig sequence and promoter 
on a Xbal fragment excised from pSM138 (Doel et aL, 1994) into 
plasmid pSP73 (Promega Corporation) cut with Xbal, generating 
pSP73SUP35. The 5UP35 coding sequence representing amino acids 
41-685 was excised from pSP73SUP35 on a Ps& fragment and ligated 
into pGAD424 cut with PstU downstream of and in-frame with the 
GALA activation domain, creating pUKC605. 

Plasmid pUKC625. a derivative of pUKC802 (Akhmaloka, 1991), 
contains the SVP45 gene with an adaptor inserted between the BanM 
and Xhol sites coding for a C-terminal affinity tag of six histidine residues. 
5 ' - G ATCC AGAC ATCACCATC ACCATCACTAAGCTTGAGC - 3 ' 

3 ' - GTCTGTAGTGGTAGTGGT AGTGATTCGAACTCGAGCT - 5 ' 
Plasmids pl3-DD and pG-DD consist of the DNA sequence coding for 
the dimerization domain (amino acids 266-351) of transcription factor 
CPFI cloned in an in-frame fusion with either the GALA binding or 
activation domains (Dowell et aL, 1992); both pl3-DD and pG-DD were 
generous gifts of Dr Jane Mellor (University of Oxford, UK). 

Plasmid pVK62 was constructed by ligating the XbaUBanM fragment 
from pYsupl-1 (Breining et aL, 1984) into pEMBLYE23 (Cesareni and 
Murray, 1987) cleaved using Xbal and Bell. Plasmid pVK63 was 
constructed by cloning the BglU-BamHl fragment from pSTR4 (Telckov 
et aL, 1986) containing the complete SUP35 coding sequence and 
promoter into pVK62 cut with BanM. 

Plasmids DUKC815-L, pUKC817-L. pUKC818-L and pUKC819-L 
were used in this work and are derived from pUKC815, pUKC817, 
PUKC818 and pUKC819 respectively (Stansfield et aL, 1995). The *L* 
in the pUKC815-L series vectors used in this work designates replacement 
of the plasmid selectable marker URA3 on a Smal-Sall fragment with 
the LEU2 gene on a Smal-Sall fragment derived from plasmid pJJ250 
(Jones and Prakash, 1990). 

p-G*lmctoskiMS* *s**y* of ya—t strmins t r an sformed with 
th* pUKCBIS/817/818/819 Mrte wctor* 

p-Galactosidase assays were performed according to the method of 
Finkelstein and Strausberg (1983). 

YeMSttnnwformittonwithplimklDN^ 

Yeast were transformed by electroporation according to the method of 
Becker and Guarente (1991), using BioRad Gene-pulser equipment 
according to the instructions of the manufacturer. 
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PVepawtfen oipoiMbooomal npmmtant* 

Yeast cultures wot grown to i cell density of 33x to 7 cells/ml. 
Harvested eeQs were washed with lysis buffer (25 raM Irts-HO. pH IX 
5 mM MgO* 5 mM 2-roercaptoethinol and 23 raM KQ) containing 
I mM phenyhnethylsulphonyi fluoride (PMSF), 1 mM rrnramiriiir, 
10 uM leupepoii and 10 uM pepstatin A to liinit proteolytic degradation. 
The concentration i of KCfin foe lysis buffer was incjwrd to 0.8 M if 
(he PRS was to be subsequently used in the purification of Sun45p(Hisfe. 
Following washing w lysis buffer, harvested cells were resuspenoed in 
a mtimnmn volume of the same bufTer. Cells were lysed by vortexing 
with glass beads and cell debris removed fay centrifugation at 13 000 
r.pjn. for IS min in a benchtop microcentrifuge, producing a post* 
mitochondrial supernatant (PMS). The FMS was ccntrifuged in a 
Beckman TL100J rotor at 50 000 r.p.m. for 75 min, resulting in the 
y ^ i mw tfmt inn of potysomal ribosomes, 80S ribosomes and 40S and 60S 
subunits, with the generation of a PRS. 

lmmobmzmionoiS*jp45p(Hh)g 

The foUowing operations were p erformed at room temperature unless 
otherwise stated and columns were allowed to flow by gravity. 

A SOOuJ column of Ni-NTA resin (Qiagen) was equilibrated with 
30 mM bis-lris-HCl pH 6.8. 0.8 M KCU 5 mM 2«mercaptoethanol. 
30 mM imidazole (buffer A). The PRS containing Sup45p<His) 6 was 
passed three tunes through the resin, which was then washed with 10 
cotumn vol. buffer A followed by 10 voL buffer containing 30 mM bis- 
Tris-HO, pH 6.2, I M KC1, 5 mM 2-rnercaptoetiianol, 20% glycerol. 
30 mM imidazole. This procedure resulted in partial purincation and 
immofaUizacion of Sup45p(Hfsfe on the Ni-NTA resin. 

In order to assess the binding of Sup35p to the immobilized 
Sup45p(His)fe. the resin was equilibrated with 10 cotumn vol. lysis buffer 
containing 25 mM KC1. A PRS prepared from cells overexpressing 
Sup35p (transformed with ptasmid pUKC606) was then incubated with 
a suspension of the resin in 25 mM KCI lysis buffer for 2 h on a shaking 
platform at 4°C. After this time the resin was centrifuged briefly, the 
supernatant removed and retained and the resins returned to cohimns for 
washing with 10 column vol. 25 mM KCl lysis buffer containing 0.15% 
w/v Twecn-20 detergent. 

Protakt gti whctrophormi$ «nd Wmtmrn Mot •ffrysto 

SDS-poryscrylamide gel ele ctr ophor es is (SDS-PAGE) was performed 
according to standard protocols (Laernmli. 1970). SDS-PAGE gels 
contained 10% w/v acrylamide. Western blotting onto nitrocellulose was 
p erformed according to standard protocols (Towbin et al, 1979; Harlow 
and Lane, 1988). Western blots were probed with either ah anti-Sup45p 
polyclonal rabbit antibody used at 1 : 100 dilution (Stansfield etaL. 1 992) 
or a polyclonal rabbit anti-Sup35p antibody used at 1:2000 dilution 
(Didachenko et al. 1991). Bound antibody was detected using the 
Amersham ECL system according to the manufacturer's instructions. 

IntBnfHcjffof) avatf QjuMntiftcMtfon pi two-hybrid sysfevn 
pMt9kh"pfot9ift arrtawefiow 

Strain Y526 (Band et al. 1993a), transformed with pair-wise combina- 
tions of two-hybrid vectors, was tested for P-galactosidasc activity 
initially using X-gal staining of yeast colonies grown on nitrocellulose 
laid oo agar medium, according to the method of Breeden and Nasmyth 
(1985). P-Galactosidase activities were further quantified by growing 
the transformams in liquid medium to a cell density of 4X10* cells/ml. 
A cell lysate was prepared in Z-buffer (Ftnkelstein and Strausberg. 1983) 
containing 1 mM phenylmethylsulphonyl fluoride, using glass bead lysis. 
Lysates were made up to I ml using Z-buffer and 200 uJ o-nitrophenyl 
galactmidr (ONPG; 4 mg/ml in water) added. The enzyme reaction rate 
was monitored at 420 nm and enzyme activity calculated using an 
exctinction coefficient for ONP of 0.0045 nmol/ml. p-Galactosidase 
activities were expressed as pmol ONP producedAninMtg protein. Protein 
concetarackms were determined using standard protocols (Lowry et al, 
1951). 
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Primary structures of yeast supl gene and polypeptide product coded by the gene are compared with the 
current nucleotide and amino add sequence data base. The amino add sequence of the supl product shows 
homology to elongation factors from different sources. Especially high homology is found in the regions, 
corresponding to conservative aminoacyl-tRNA- and GTP-binding domains, described in elongation fac- 
tors and other proteins. The data obtained are discussed in relation to the functions of supl polypeptide 

product in protein synthesis. 

Protein synthesis; GTP-binding site; aminoacyRRNA-binding site; Gene homology 



1. INTRODUCTION 

In the yeast Saccharomyces cerevisiae in addi- 
tion to well known dominant suppressors coding 
for tRNA a new class of recessive suppressors has 
been described [1-4]. These suppressors 
designated supl and supl (similar to sup45 and 
sup35, respectively [4,5]) were found to be om- 
nipotent, acting towards all three types of 
nonsense mutations (UAG, UGA and UAA), the 
suppression being mediated by an increase in the 
translational ambiguity [4,6,7]. These data in- 
dicate that supl and supl genes code for proteins 
controlling the accuracy of codon-anticodon in- 
teraction* Although the functional properties of 
these suppressors are well characterized [4,6,7] and 
both genes have recently been cloned [5,8-10], the 
opinion about the nature of their polypeptide pro- 
ducts remains controversial. It seems that they 
combine the properties of ribosomal proteins 

Correspondence address: A.P. Surguchov, Institute of 
Experimental Cardiology, 3rd Cherepkovskaya Str., 
15a, 121552 Moscow, USSR 



[4,6,7] and protein factors [5,8] affecting different 
parameters of translation in yeast, in particular, 
the level of fidelity. 

Here we present the results of a computer- 
assisted comparison of the supl gene polypeptide 
product with published sequences, allowing us to 
find considerable homology to elongation factors 
(EFs). Homologous regions include several do- 
mains in EFs, for which a functional role has been 
proposed earlier. 

2. MATERIALS AND METHODS 

The cloning strategy for supl gene is described 
earlier [10]. Nucleotide sequence was determined 
following Sanger et al. [11]. The complete se- 
quence of the supl gene and flanking regions will 
be published elsewhere. Primary structures were 
compared using the program GENEUS [12]. 

3. RESULTS 

The search of nucleotide sequences homologous 
to the supl gene in the EMBL data bank (5789 se» 
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quenoes) and further analysis on the amino acid 
level indicated the existence of homology of the 
sup2 gene product with yeast EF-la and with 
analogous EFs from other species, mitochondria 
and chloroplasts. The highest level of homology to 
sup2 gene product was found for EF-la from yeast 
[13,14] and brine shrimp, Anemia sallna [15]. This 
homology spans the full length of EFs and permits 
an alignment of the sup2 gene product to either 
protein from EF-la family. 



A region of the sup! gene product, homologous 
to EFs corresponds to a part of the open reading 
frame of the gene, starting from the third in-frame 
ATG codon to the termination codon. However, 
there are indications that this region may represent 
a functionally active protein. For example, 
plasmids, carrying the sup! gene, in which initia- 
tion of translation on the first and second in-frame 
ATG codons is impaired due to deletion, retain the 
ability to complement a temperature-sensitive 
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Fig A. Comparison of the amino acid sequence of sup! polypeptide product, yeast EF-1, mtEF-Tu and E. coti EF-TuA. 
The amino acid sequences of yeast sup! polypeptide product, EF-la 1131, mtEF-Tu [16] and E. coti EF-TuA [17] are 
aligned to give maximal homology by introducing several gaps (-). The one-letter amino acid notation is used. The 
amino add residue number 1 in the sup! product is tentatively assigned to methionine at the first codon ATG in the 
open reading frame while that for EF-lar and mtEF-Tu to methionine at the initiator codon ATG and that for E. coli 
EF-TuA to serine, which is located at the N-terminal of the protein . The regions of exact homology and conservative 
substitutions between the sup2 product and either elongation factor are indicated by boxes. Conservative domains 
G1-G5 (involved in GTP-binding [19]) are indicated by solid lines, whereas region T (important for aminoacyl-tRNA 
binding) is shown by a dashed line. Positions, where EFs are homologous between themselves, but non-homologous 
to the sup2 product are marked by an asterisk (*). The following Dayhoff conservative categories [18] were used: O 
S, T, P, A, G; N, D t E, Q; H, R, K; M, I, L, V; and F, Y. W. 
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mutation in the supl gene (Telckov, M. f personal 
communication). 

In fig.l the supl gene product amino acid se- 
quence, starting from the third methionine to the 
C-terminus (amino acids 254-685), is aligned to 
the sequences of yeast EF-lor [13], mitochondrial 
2F-Tu [16] and E. coli EF-TuA [17]. Comparison 
of the three latter sequences, belonging to evolu- 
tionary distant sources, reveals the most conserved 
regions of the EF-lor family. As seen from fig.l, 
most of them are present in the supl gene product 
sequence, although in some cases, amino acids 
conserved in the three proteins correspond to non- 
homologous amino acids in the supl gene product 
(shown by asterisks). Considering conservative 
amino acid substitutions [18] as homologous and 
without counting the gaps, the sequence of the 
supl gene product shows 62% homology with 
yeast EF-lor and 43% with yeast mitochondrial 
EF-Tu. For comparison, homology between yeast 
cytosolic EF-la and mitochondrial EF-Tu 
amounts to 559b [13]. 

From fig.l one can see that the degree of 
homology is distributed unevenly along four se- 
quences, the highest homology being in the N- 
terminus of EFs, which is where the conservative 
domains are located for which a functional role 
has been proposed [19-22]. Earlier the comparison 
of primary structures of several GTP-binding pro- 
teins, e.g. EFs, bacterial initiation factor IF-2cr, 
ras proteins and bovine transducin, allowed deduc- 
tion the structure of the GTP-binding site [19], in- 
cluding five conservative domains located 
sequentially. As shown in fig. 1, a similar structural 
organisation is present in the supl gene product. 

A functional role for another conservative do- 
main in EFs was elucidated in the experiments on 
chemical modification and photooxidation of E. 
coli EF-Tu. A stretch of amino acids between 44 
and 81 was shown to be involved in aminoacyl- 
tRNA binding [20-22]. A corresponding region 
homologous to this aminoacyl-tRNA binding do- 
main is located between amino adds 308 and 345 
in the supl product sequence (fig.l). 

4. DISCUSSION 

Upon alignment of the supl gene product with 
yeast EF-lor one can see rather high homology 
throughout almost the entire sequence. The 



predicted secondary structure of these protons (or- 
helix, /9-sheets, ^-turns) as well as hydrophUicity 
distribution are very similar (not shown). This 
could mean that these two proteins may have 
similar tertiary structure and interact with com- 
mon ligands. A significant homology found be- 
tween a polypeptide product of the supl gene and 
aminoacyl-tRNA and GTP-binding domains in 
EFs of different origin may indicate that the amino 
acid sequences shown in fig.l (Gi, G 2 , G 3 , G4, G 5 
and T) are specialized for performing the same 
functions in the supl gene product (GTP-binding, 
GTP-hydrolysis and aminoacyl-tRNA recogni- 
tion). 

These data together with a previous observation 
on the participation of the supl gene in the control 
of translational fidelity [4,6,7] allow us to suggest 
that a polypeptide product of the gene may per- 
form GTP-dependent proofreading of codon- 
anticodon interaction in the ribosome acceptor 
site. The presence of structures homologous to 
aminoacyl-tRNA binding domain indicates that 
the supl gene product may directly participate in 
the process of aminoacyl : tRNA recognition. 

It is important to note that participation in the 
control of translational fidelity is already proven 
for one of the proteins homologous to the supl 
gene product. In vitro studies of mutationally 
altered E. coli EF-Tu, namely EF-Tu Ar reveal 
that it increases the errors at both the proofreading 
and the initial aminoacyl-tRNA selection steps 
[23]. This mutation together with mutation inac- 
tivating the product of tufB, another gene for EF- 
Tu, suppresses all three types of nonsense muta- 
tions [24]. 

Despite structural similarity on the polypeptide 
level, EF-lor cannot functionally substitute the 
supl product since earlier [4] a number of condi- 
tionally lethal mutants of supl were isolated. 
These data indicate that the supl protein is in- 
dispensible for viability of the yeast cell. Another 
characteristic distinguishes the yeast EF-la and the 
supl gene product, namely the codon usage. EF-la 
is one of the most abundant proteins in yeast and 
the codon usage in its gene is highly biased in good 
agreement with the results of Bennetzen and Hall 
[25]. In contrast, the supl gene does not show a 
high level of codon bias (not shown) suggesting 
that it does not belong to the highly expressed gene 
group. 
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Although a part of the sup! gene product 
described in this paper possesses a high structural 
homology to EFs and in particular to yeast EF-la 
and bacterial EF-Tu, the functional role of the 
sup2 gene product in protein synthesis seems to be 
different and remains to be established. 
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SUMMARY 

A nucleotide sequence of the yeast Saccharomyces cerevisiae omnipotent suppressor SUP2 (SUP35) gene is 
presented. The sequence contains a single open reading frame (ORF) of 2055 bp, which may encode a 76.5-kDa 
protein. A single transcript of 2.3 kb corresponding to a complete ORF is found. Analysis of codon bias suggests 
that the SUP2 gene is not highly expressed. The C-tenninal part of the deduced amino acid sequence shows 
a high homology to yeast elongation factor EF-lo, whereas the N-terminal part is unique for the SUP2 protein. 
The N terminus contains a number of short repeating dements and possesses an unusual amino acid 
composition. 

Analysis of the nucleotide and deduced amino acid sequences indicates that three additional proteins could 
possibly be expressed, two of which might be initiated on internal ATG codons and a third might be formed 
by alternative splicing. One of these proteins is supposed to be imported into mitochondria. Possible functions 
of the SUP2 gene produces), especially its putative activity as a soluble factor controlling the fidelity of 
translation, are discussed. 



INTRODUCTION 

Studies of informational suppression have proved 
to be useful in elucidating the mechanisms of control 
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Cardiology, U.S.SJL Cardiology Research Center, 3rd 
Cherepkovskaya Street 15a, 121552 Moscow (U.S.S.R.) 
Tel 1494)559. 

Abbreviations: aa, amino acid(s); bp, base pair(s); EF, elon- 
gation factor; kb, kilobases or 1000 bp; MBN, mung-bean nucle- 



of translation^ fidelity. In all cases studied so far 
informational suppression results from mutational 
alterations in the components of protein synthesis 
apparatus — usually either tRNAs, or ribosomal 
constituents (Ozeki etal., 1980; Sherman, 1982; 
Dequard-Chablat etal., 1986; Steege and SOU, 

ase; MBN buffer, see MATERIALS AND METHODS, section 
b; nt, nucleotides); ORF, open reading frame; Pipes, piperazme- 
Nfl' -bis[2-etnanesulfonic add]; Pollk, Klenow (large) fragment 
off. coftDNA polymerase I; SI buffer, see MATERIALS AND 
METHODS, section b; tRNA, transfer RNA; u, unit(s). 
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1979). Recently, nonsense-suppressor mutations in 
tuf genes coding for EF-Tu have been described in 
Escherichia coh (Vijgenbeom et al., 1985). However, 
similar mutations in eukaryotes have not yet been 
reported. 

For the past several years we were studying reces- 
sive omnipotent suppressors in yeast. It was shown 
that mutations in the genes named SUP1 (SUP45) 
and SUP2 (SUP35) give rise to a variety of pleio- 
tropk effects, including temperature sensitivity, drug 
sensitivity and respiratory deficiency. From these 
observations we concluded that the suppressor 
genes are essential for viability. Biochemical analysis 
indicates that suppressor mutations decrease the 
accuracy of translation and affect protein synthesis 
both in the cytoplasm and in mitochondria 
(Surguchov et al., 1984). 

Recently, both the SUP1 and SUP2 genes were 
cloned (Breining etal., 1984; Teickov etal., 1986) 
and the nucleotide sequence of the SUPI gene was 
determined (Breining and Piepersberg, 1986). In this 
papa* we report the nucleotide sequence of the SUP2 
gene. Part of the sequence shows significant 
homology to yeast EF-ia, suggesting that the SUP2 
gene product is not a canonical ribosomal protein, 
but rather a soluble translation factor. This essential 
protein appears to be present in minor quantities and 
probably has not been detected by biochemical 
methods. Further characterization of its role may 
reveal new essential features of the eukaryotic trans* 
lation machinery. 



MATERIALS AND METHODS 

(a) Sobckming and sequencing 

A shuttle plasmid pSTR4 containing SUP2 gene 
(Teickov et al., 1986), was used for the sequence 
determination. A set cf subclones of SUP2 gene 
sufficient for sequencing was obtained in two steps: 
(/) restriction fragments of SUP2 were cloned into 
M13mp phages (M13mpl0, 11, 18, 19), and (u) in 
some cases subclones were further deleted using 
DNase I, as described (Lin etal., 1984). DNA 
restriction, ligation and other enzymatic treatments 
were carried out according to the suppliers' specifi- 
cations (Pharmacia P-L Biochemicals). Transfor- 



mation of E. coli (strain JM101) by M 13 phage and 
purification of recombinant phage were done accord- 
ing to Messing (1983). The nucleotide sequence was 
determined using the dideoxy method of Sanger et al. 
(1977). 

(b) Yeast UNA analysis 

Preparation of total yeast RNA was performed, as 
described by CottreUe et al. (198S). For the Northern 
analysis, 20 jig of total RNA were glyoxyiated, elec- 
trophoresed on an agarose gel and transferred to 
nitrocellulose (Maniatis etal., 1982). RNA blots 
were hybridized with strand-specific M13 probes, 
which were prepared according to Messing (1983). 

To obtain a single-stranded 32 P-labdled probe for 
5'-end mapping, an M13 clone containing fragment 
Kpnl-Bcnl (bp 164 to -205, see Fig. 2) with the Kpnl 
site proximal to a sequencing primer site was used. 
The probe was synthesized by the primer extension 
with Pollk, cleaved at the 3' end with Bcnl and 
separated from the template using a 5% poly- 
acrylamkle gel (Leer et al., 1984). Hybridization was 
performed for 6 h at 46° C in 80% forpaamide, 0.4 M 
NaCl t 0.4 M Pipes (pH 6.S) and 1 mM EDTA. Total 
yeast RNA (SO fig) and 100000 cpm of probe were 
used for each experiment. Then hybridization 
mixtures were diluted ten-fold with SI or MBN 
bufTer (30 mM Na * acetate, pH 4.6, 1 mM ZnS0 4 , 
250 mM (SO mM for MBN bufTer) NaCl, 20 jig/ml 
of sonicated and denatured calf thymus DNA), 
supplemented with 1000-4000 u/ml of the appro- 
priate nuclease and digested for 30 min at 37°C. 
After chloroform extraction the protected DNA frag- 
ments were precipitated with isopropanol in the 
presence of carrier tRNA and analyzed on a 5% 
polyacrylamide, 7 M urea sequencing gel. 



RESULTS AND niscijSSiON 

(a) Nucleotide sequence 

For sequence analysis, a shuttle plasmid pSTR4 
(Teickov et al., 1986) carrying a minimal fragment of 
the cloned yeast genomic DNA complementing tem- 
perature-sensitive sup2 mutation was used. The 
restriction map for this fragment and sequencing 
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strategy are shown in Fig. 1. A contiguous sequence 
of 3320 nt containing a single long ORF of 2055 nt 
capable of coding for a protein of 76545 Da was 
determined (Fig. 2). 

(b) mRN A analysis 

Hybridization of total yeast RNA with a single- 
stranded M 13 probe containing a PsthXbal frag- 
ment revealed a single band of 2.3 kb. The opposite 



strand of the same fragment did not hybridize with 
RNA. By SI and MBN mapping two major tran- 
scription start points were found at nt positions -15 
and -37, as well as two minor sites at nt positions 
-57 and -43 (Fig, 3X before the first ATG codon in 
the ORF. Taking into consideration that the size of 
the transcript is 2.3 kb, we conclude that the tran- 
script contains the full length of the ORF. The first 
ATG in the ORF is present on the transcript and 
therefore it is the most probable initiator of trans- 



TABLE I 

Codon usage in the SUP2 gene 

aa Codon* aa Codon aa Codon aa Codon 
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ATT 


17 


Thr 


ACT 


14 


lie 


ATC 


12 


Thr 


ACC 


16 


Be 


ATA 




Thr 


ACA 


g 


Met 


ATG 


19 


Trtr 


ACG 


1 


Val 


GTT 


26 


Ala 


GCT 


20 


Val 


GTC 


10 


Ala 


QCC 


16 


Val 


GTA 


9 


Ala 


GCA 


7 


Val 


GTG 


S 


Ala 


GCG 


0 





TAT 


10 




TGT 


4 


Tyr 


TAC 


25 


Cy* 


TGC 


1 


ter b 


TAA 


1 


ler 


TGA 


0 


ttr 


TAG 


0 


Trp 


TGG 


4 


His 


CAT 


7 


Arg 


CGT 


6 


His 


CAC 


6 


Arg 


CGC 


0 


Gin 


CAA 


40 


Arg 


CGA 


0 


Gin 


CAG 


13 




CGG 


n 


Asn 


AAT 


24 


Ser 


AGT 


5 


Asn 


AAC 


21 


Ser 


AGC 


2 


Lys 


AAA 


2* 


Arg 


AGA 


11 


Lys 


AAG 


38 


Arg 


AGG 


1 


Asp 


GAT 


21 


Gry 


GGT 


45 


Asp 


GAC 


9 


Gry 


GGC 


10 


Glu 


GAA 


44 


Gly 


GGA 


3 


Glu 


GAG 


13 


Gly 


GGG 


2 



* Codons, preferred in highly expressed yeast genes, are underlined. 

* Symbol tcr represents translational stop codons. 
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-TS8 AOAAATTAAAGCTACTTA 
-T20 CAiMraamAe*Ar*AAT*AAtwtrrirrr^ 

-GOO TCrCAACCCTiUaOTAOyUAATTOAATATCOTATCTCTTT^ 

tta I 

-460 AAC0AATG0TATAT0CTTC A1 i It 1 1 1U1 I lUiC ATTABCTGCGCTATTTOACTCAAATTATTA^ I It 1 1 1 IU1A AT 

-360 TCTCTTAAACTACTTCAIAAAQTTQTQAAOTTC^ 

Ben I 

-240 ACTTCm ttl lbllt I fA MTOTACAT T ACA A CCOCCTATTAlATCCTACATCATOOTATAATATG A 111 1 1 til 1AT0GAGAAAAJ 11 Hi 1 1 lU CTCQACCiAAfl C TCCCATTGCT 

-120 TCTOAAGAGTOTACTOIAJ^IGOTAC Altl ltltl 1 tiAAAGACTCCATTGTACTGTAA rAAAAAUCtMi 1 1 1C1 1 UCTCCALTjl^ lUiUAATA^ 

1 ATQ TC6 GAT TCA AAC CAA GGC AAC AAT CAO CAA AAC TAC CAO CAA TAC ACT CAG AAC GOT AAC CAA CAA CAA GGT AAC AAC AGA TAC CAA 
1 Net Ser Asp 6er Asn Gin Gly Asn Ass Gin Gin Asn Tyr Gin Gin Tyr Ser Gin Ann Gly Ann Gin Gin Gin Gly Asn Asn Arg Tyr Gin 
Bind III Ptt I Kpn I 

91 GOT TAT CAA GCT TAC AAT OCT CAA BCC CAA CCT GCA GOT GGG TAC TAC CAA AAT TAC CAA GOT TAT TCT GGG TAC CAA CAA GOT GGC TAT 
31 Gly Tyr Gin Ala Tyr Asn Al« Gin Ala Gin Pro Ala Gly Gly Tyr Tyr Gin Asa Tyr Gin Gly Tyr Ser Gly Tyr Gin Gin Gly Gly Tyr 

161 CAA CAB TAC AAT CCC GAC GCC GOT TAC CAO CAA CAO TAT AAT CCT CAA GGA GGC TAT CAA CAO TAC AAT CCT CAA GGC GOT TAT CAG CAG 

61 Gin Gin Tyr Asn Fro A*p Ala SI; Tyr Gla C1& Gin tyr Asa fro Ols fily SI7 ?yr Gin 51b Tyr Ash Ppo Cln Oly Oly Tyr Gin Gin 

271 CAA TTC AAT CCA CAA GOT GGC COT GGA AAT TAC AAA AAC TTC AAC TAC AAT AAC AAT TTG CAA GGA^TaVcAA GCT GCT TTC CAA CCA CAO 
91 Oln Phe Asn Pro Gin Oly Oly Arc Gly Asn Tyr Lys Asn Phe Asn Tyr Asn Ann Ann Lea Gin Gly Tyr Gin Ala Oly fbe Gin *to Gin 

Bind til 

361 TCT CAA GGXJTO JCT TTG AAC GAC TTT CAA AAG CAA CAA AAG CAG GCC GCT CCC AAA CCA AAQ AAG ACT TTG AAG CTT GTC TCC ACT TCC 

121 8er Oln Gly Net Ser Leo Asn Asp Phe Oln Lys Gin Gin Lys Oln Ala Ala Pro Lys Pro Lys Lys Thr Lev Lys Leu Val Ser Ser Ser 

451 GOT ATC AAG TTG GCC AAT GCT ACC AAQ AAG GTT GGC ACA AAA CCT GCC GAA TCT GAT AAQ AAA GAG GAA GAO AAG TCT GCT GAA ACC AAA 
151 Gly lie Lys Leo Ala Asn Ala Thr Lys Lys Val Gly Tar Lys Pro Ala Gla Ser Asp Lys Lys Gla Gla Gla Lys Ser Ala Glo Thr Lys 

541 GAA CCA ACT AAA GAO CCA ACA AAG GTC GAA GAA CCA GTT AAA AAG GAG GAG AAA CCA GTC CAG ACT GAA GAA AAG ACO GAG GAA AAA TOO 
181 Ola Pro Thr Lys Gla Pro Thr Lye Val Gla Gla Pro Val Lys Lye Gla Gla Lys Pro Val Gin Thr Gla Gla Lys Thr Gla Ola Lys Ser 

631 GAA CfT CCA AAG GTA GAA GAC CTT AAA ATC TCT GAA TCA ACA CAT AAT ACC AAC AAT GCC AAT GTT ACC ACT OCT OAT GCC TTG ATC AAG 
211 Gla Lea Pro Lys Vol Ola Asp Lea Lys lie Ser Ola Ser Thr Bis Asn Thr Asn Ann Ala Asn Val Thr Ser Ala Asp Ala Lea He Lys 

721 GAA CAG GAA GAA GAA OTG GAT GAC GAA GTT GTT AAC GAT ATjQ^ TTT GOT GOT AAA GAT CAC GTT TCT TTA ATT TTC ATG GGT CAT GTT GAT 
241 Ola Oln Ola Ola Ola Val Asp Ola Val Val Asa Asp Net Phe Gly Gly Lys Asp Bis Val Ser Leo He Phe Net Gly His Val Asp 

611 GCC GOT AAA TCT ACT £it tio? GGT AAT CTA CTA TAC TTG ACT GGC TCT GTO OAT AAG AGA ACT ATT GAG AAA TAT GAA AGA GAA GCC AAtJ 
271 Ala Gly Lys Ser Thr Net Gly Oly Asn Lea Lea Tyr Lea Thr Gly Ser Val Asp Lys Arc Thr He Gla Lys Tyr Gla Arg Ola Ala Lys 

901 GAT GCA GGC AGA CAA GGT TOG TAC TTG TCA TOG GTC ATG GAT ACC AAC AAA GAA GAA AGA AA? GAT GGT AAG ACT ATC GAA GTT GGT AAG 
301 Asp Ala Gly Arg Oln Gly Trp Tyr Lea Ser Trp Val Net Asp Thr Asn Lys Gla Gla Arg Asn Asp Gly Lys Thr He Gla Val Gly Lys 



lation. It is interesting to note that sequences 
surrounding the two major transcription start points 
are similar to each other (Fig. 4). 

(c) 5'- and 3 -fltuUng regions 

A promoter element TATATT is located in a 
position typical for such dements in yeast, Le., 
between bp - 1 05 and -98 before the first ATG . The 
sequence AATAAA, which is thought to be a 
eukaryotic polyadenylation signal (Fitzgerald and 
Shenk, 1981), is situated 84-89 bp downstream from 
the terminating TAA. The sequence 
TAG...TAGT...TTT, a potential transcription ter- 
mination signal in yeast (Zaret and Sherman, 1982), 
was found 1 15-142 bp downstream from the termi- 
nation codon TAA. An interesting feature of the 
3'-flanking region is the presence of the repeats 
(TA), , (95 bp downstream from TAA) and (CAT) X t 
(350 bp downstream from TAA). 



(d) Codon usage 

The SUP2 gene differs markedly in codon usage 
from highly expressed yeast genes, particularly ribo- 
somal protein genes (Table I). The codon bias index 
according to Bennetzen and Hall (1982) was deter- 
mined to be 0.42, whereas the range of values for 
ribosomal proteins is 0.79-0.94 (Sharp et al., 1986). 
Such a difference could mean, according to estimates 
given by Bennetzen and Hall (1982), that SUP2 
mRNA is at least an order of magnitude less 
abundant than mRNAs of ribosomal protein genes. 

(e) Deduced amino add sequence 

A part of the amino acid sequence beginning with 
M et-254 (the third methionine in the sequence) is 
homologous to the full length of yeast EF-la 
(Kushnirov et al., 1987). The remaining N-terminal 
part can be divided near the second methionine into 



Best Available Copy 



991 


GCC 


TAC 


TTT 


GAA 


ACT 


GAA 


AAA 


AGO 


CCT VAT 


ACC 


ATA TTG GAT GCT 


CCT 


GGT 


CAT 


AAA 


ATG 


TAC 


GTT 


TCC 


GAG ATG 


ATC 


GGT 


GGT GCT TCT 


331 


Ait 


Tyr 


File 


Gin 


Thr 


Olu Lys 


Arg 


Art Tyr 


Thr 


lie Lea Asp Ala 


Pro 


Gly 


Bit 


Lys 


Net 


Tyr 


Val 


Ser 


Glu Net 


He 


Gly 


Gly Ala Ser 


1081 


CAA 


OCT 


GAT 


GTT 


GGT 


GTT TTG 


GTC 


ATT TCC 


GCC 


AGA AAQ GOT GAG 


TAC 


GAA 


ACC 


GGT 


TTT 


GAG 


AGA 


GGT 


GGT CAA 


ACT 


CCT 


GAA CAC GCC 


381 


Gin 


Air. 


Asp 


Val 


Gly 


Val 


Lea 


val 


lie Ser 


Ala 


Arc Lys Gly Glu 


Tyr 


Gin 


Thr 


Gly 


Phe 


Glo 


Arg 


Gly 


Gly Gin 


Thr 


Arg 


Gla Hie Ala 


1171 


CTA 


TTO 


GCC 


AAG 


ACC 


CAA GGT 


GTT 


AAT AAG 


ATG 


GTT GTC GTC GTA 


AAT 


AAG 


ATG 


GAT 


GAC 


CCA 


ACC 


GTT 


AAC TGG 


TCT 


AAG 


GAA OCT TAC 


391 


Lea 


Leo 


Ala 


Ly» 


Thr 


Gin Gly 


Val 


Asn Lys 


Net 


Val Val Val Val 


Asn 


Lys 


Net 


Asp 


Asp 


Pro 


Thr 


Val 


Asn Trp 


Ser 


Lys 


Gla Arg Tyr 


1261 


GAC 


CAA 


TGT 


GTG 


ACT 


AAT GTC 


ABC 


AAT TTC 


TTG 


AGA GCA ATT GGT 


TAC 


AAC 


ATT 


AAG 


ACA 


GAC 


GTT 


GTA 


TTT ATG 


CCA 


GTA 


TCC GGC TAC 


421 


Asp 


Gin 


Cys 


Vol 


Ser 


Asn 


Vel 


ser 


Asn Phe 


Lea 


Arg Ala He Gly 


Tyr 


Asn 


He 


Lys 


Thr 


Asp 


Val 


Val 


Phe Net 


Pro 


Val 


Ser Gly Tyr 


1351 


ACT 


GGT 


GCA 


AAT 


TTG 


AAA 


GAT 


CAC 


CTA GAT 


CCA 


AAA GAA TGC CCA 


TGG 


TAC 


ACC 


GCC 


CCA 


ACT 


CTG 


TTA 


GAA TAT 


CTG 


GAT 


ACA ATG AAC 


431 


Ser 


Gly 


Ala 


Asn 


Lea 


Lys 


Asp 


His 


Val Asp 


Pro 


Lys Gla Cys Pro 


Trp 


Tyr 


Thr 


Gly 


Pro 


Thr 


Lea 


Lea 

B 1 


Gla Tyr 


Lea 


Asp 


Thr Net Asn 


1441 


CAC 


sen 

arc gac 


COT 


CAC 


ATC 


AAT 


GCT 


CCA TTC 


ATG 


TTG CCT ATT GCC 


GCT 


AAG 


ATG 


AAG 


GAT 


CTA 


Xpi 

GGT 


ACC 


ATC GTT 


GAA 


GGT 


AAA ATT GAA 


481 


His 


Val 


Asp 


Art 


Hie 


lie 


Asn 


Ala 


Pro Phe 


Net 


Lea Pro He Ala 


Ala 


Lys 


Net 


Lys 


Asp 


Lea 


Gly 


Thr 


He Val 


Gla 


Oly 


Lys He Gla 


1531 


TCC 


GGT 


CAT 


ATC 


AAA 


AAG 


GGT 


CAA 


TCC ACC 


CTA 


CTO ATG CCT AAC 


AAA 


ACC 


GCT 


GTG 


GAA 


ATT 


CAA 


AAT 


ATT TAC 


AAC 


GAA 


ACT GAA AAT 


511 


Ser 


Gly 


His 


lie 


tys 


Lys 


Sly 


Gin 


Ser Thr 


Lea 


Lea Net Pro Asn 


Lys 


Thr 


Ala 


Val 


Gla 


He 


Gin 


Asn 


He Tyr 


Asn 


Gla 


Thr Gla Asn 


1821 


QAA 


GTT 


GAT 


ATG 


GCT 


ATG 


TGT 


GGT 


GAG CAA 


GTT 


AAA CTA AGA ATC 


AAA 


GGT 


GTT 


GAA 


GAA 


GAA 


GAC 


ATT 


TCA CCA 


GGT 


TTT 


GI&JS&ACA 


541 


Gia 


Val 


Asy 


Met 


Ala 


Met 


cy» 


Gly 


Gin Gin 


Val 


Lys Lsu Arg He 


Lya 


Gly 


Val 


Gla 


Glti 




A«? 


He 


Ser rrt* 




rttfc 


V«l Lea Thr 


1711 


TCG 


CCA 


AAG 


AAC 


CCT 


ATC 


AA3 


ACT 


CTT ACC 


AAS 


TTT CTA OCT CAA 


AT? 


GCT 


ATT 


STA 


GAA 


TTA 


AAA 


TCT 


ATC ATA 


GCA 


GCC 


GGT TTT TCA 


571 


Ser 


Pro 


Ly» 


Asn 


Pro 


lie 


tys 


Ser 


Val Thr 


Ly« 


Phe Vaf Ala Gin 


He 


Ala 


He 


Val 


Gla 


Lea 


Lye 


Ser 


He He 


Ala 


Ale 


Gly Pbe Ser 


1801 


TGT 


GTT 


ATG 


CAT 


GTT 


CAT 




GCA 


ATT GAA 


GAG 


GTA CAT ATT GTT 


AAG 


TTA 


TTG 


CAC 


AAA 


TTA 


GAA 


AAG 


Xpn I 
GGT ACC 


AAC 


COT 


AAG TCA AAG 


001 


cyt 


Val 


Net 


HIS 


Val 


His 


Thr 


Ala 


lie Glu 


Olu 


Val His He Val 


Lys 


Lea 


Lea 


His 


Lys 


Lea 


Gla 


Lys 


Gly Thr 


Asa 


Arg 


Lys Ser Lys 


1890 


AAA 


CCA 


CCT 


GCT 


TTT 


GCT 


AAG 


AAG 


GGT ATG 


AAG 


GTC ATC GCT GTT 


TTA 


GAA 


ACT 


GAA 


GCT 


CCA 


GTT 


TOT 


GTG GAA 


ACT 


TAC 


CAA GAT TAC 


831 


Ly« 


Pro 


Pro 


Ala 


Pbe 


Ala 


Lys 


Lys 


Gly Net 


Lys 


Val He Ala Val 


Lea 


Gla 


Thr 


Gla 


Ala 


Pro 


Val 


Cys 


Val Gla 


Thr 


Tyr 


Gin Asp Tyr 


1080 


CCT 


CAA 


TTA 


GGT 


AGA 


TTC 


ACT 


TTG 


AGA GAT 


CAA 


Kpn I 

GGT ACC ACA ATA 


GCA 


ATT 


GGT 


AAA 


ATT 


GTT 


AAA 


ATT 


GCC GAG 


TAA 


ATTTCTTGCAAACAT 


681 


Pro 


Gin 


Leu 


Gly 


An 


Pbe 


Thr 


Leu 


Arft kmp 


Gin 


Gly Thr Ttu* He 


a:« 


He 


ciy 


Lys 




Val 


Lys 


:ic 


Ala Gla 









2073 AAOTAMTOCAAACACAATMTACSOA 
2193 TTTTOTACCATATACCATAAACAAOOTA 

2313 CGTTATTTCAQAATCTGCAAAATCTATTAO^ 1 1UI 1 1 1 1 1 i U I CC I T 1 GG I Cfl TT CCC T GC TTCCTTCO GC ATCATCA 



2433 ATC A TCOTCOTCATCATCCTCTATAAAAra 
2553 AACTTCTTCTTCTAGCATAGTATTATAAAA 

Fig. 2. Nucleotide sequence and deduced amino acid sequence of the SUF2 gene Tbc location of restriction sites is indicated Sequence 
elements TATATT, AATAAA and TAG...TAGT...TTT (Zarct and Sherman, 1982), which may be relevant for initiation or termination 
of the transcription, are underlined by solid tines. Major and minor transcription start points are marked by downward arrows. 
Underlined by dashed lines are: HOMOLl-hke sequence, the second and third in-frame ATG eodoni and s^uen^s GTATGT and 
TACTAAC typical for yeast introns. Second ATG and the CTATGT sequence do overlap. 



two fragments, both having an unusual amino acid 
composition (Table II; Fig. 5). 

Region A is a region of 123 aa, beginning at the 
first methionine and contains repeats of three 
sequence elements, which make up most of its length 
(Fig. 6). Sequence Gln-Gly-Gly-Tyr-Gln-(Gln>- 
Gln-Tyr-Acn-Pro is repeated about six times 
(Fig. 6b). This region is rich in Gin (28%), Gly 
(17%), Asn (16%) and Tyr (16%), all four amino 
acids making up 78%. 

Region B is a region of aa 124-253 rich in charged 
amino acids, Lys (18%) and Glu (18%), which may 
be further subdivided into four stretches: (1) a 
stretch of aa 124-164 is positively charged and 
resembles the signal sequences for mitochondrial 
import (von Heijne, 1976; see RESULTS, section g, 
for details); (2) a stretch of aa 165-222 contains 



several repeats of tetrapeptides: Lys-Lys-Glu-Glu, 
Thr-Lys-Glu-Pro, Glu-Glu-Lys-Ser, Thr-Glu-Glu- 
Lys; (5) a stretch of aa 223-235 does not contain 
charged residues; (4) a stretch of aa 236-253 carries 
a negative charge (9 aa residues out of 1 8 are Asp or 
Glu). 

It is interesting that region B contains 24 Lys, but 
does not contain Arg. 

(f) Possible existence of Additional SUP2 gene pro- 
ducts 

RNA analysis reveals a single transcript for the 
SUP2 gene containing a complete ORF. However, a 
detailed analysis of the nucleotide and deduced 
amino acid sequences points to the possibility of 
existence of shorter transcripts and corresponding 



protein products. One may suggest a possibility of 
translation initiation on the second and third ATG 
codons as well as excision of the part of the coding 
sequence resulting from splicing, as it is shown in 
sections g-i, below. 




Fig. 3. Mapping of the 5' end of the SUF2 mRNA. Total yeast 
RN A was hybridized to a single-stranded M P-labeled KpnhBml 
fragment (nt 165 to -205) at 46 °Q in 80% fonnamide and 
treated with S 1 or MB nuclease in the following concentrations : 
lanes: 2, 2000 u/ml of SI; 3, 4000 u/ml of SI; 4, 1000 u/ml of 
MBN; 5* 4000 u/ml ofMBN; 6, control without yeast RNA, 2000 
u/ml of SI. A dideoxy sequencing lane of a known sequence was 
used as a marker (lanes 1 and 1\ The transcription start points 
arc indicated by arrowheads. 



(g) Initiation of the translation on the second fn- 
firame ATG 

As we have shown earlier, many sup2 mutations 
cause a respiratory deficiency, reduction in mito- 
chondriaDy synthesized cytochrome content uid 
decrease in the rate of protein synthesis in mito- 
chondria. These data allowed to predict the existence 

-37| 
TCGACTTGCTCGGAA 
Consensus: T AYYTGCYCR A 
TATATCTGCCCACTA 

Fig. 4. Similarity cf the two sisjcr transcription start point 
regions. Transcription start points are marked by arrows. R 
designates purine (A or GX Y designates pyrimidine(TorC),The 
upstream sequence is on top, the downstream sequence is at the 
bottom (see Fig. 2), and the consensus sequence is in the middle 
line. 



TABLE O 

Amino acid composition of the SUP2 gene * 



aa 


Region 






The entire 










SVP2 












A 


B 


E 


protein 




1-123 


124-253 


253-685 


1-685 


Ala 


6 


9 


28 


43 


Arg 


2 


0 


16 


18 


Asn 


20 


7 


18 


45 


Asp 


2 


7 


21 


30 


Cys 


0 


0 


5 


5 


On 


25 


6 


12 


53 


Ghi 


0 


22 


34 


57 


Gty 


21 


2 


37 


60 


His 


0 


1 


12 


13 


lie 


0 


3 


29 


32 


Leu 


1 


7 


27 


35 


Lys 


1 


21 


41 


66 


Met 


1 


1 


17 


19 


Phe 


3 


1 


12 


16 


Pro 


6 


8 


16 


30 


Ser 


5 


10 


20 


35 


Thr 


0 


11 


28 


39 


Trp 


0 


0 


s 

•* 


A 


Tyr 


2Q 


0 


IS 


35 


Val 


0 


10 


40 


50 


Total 


123 


130 


432 


685 



* Amino acid composition of regions A (aa 1-123), B 
(aa 124-253), E (aa 254-685) and the entire SUP2 protein is 
shown. Unusually high content of some amino acids is under* 
lined. 



51 



ATG GTATGT ATG 

4' — Pi 



ATG 

OT 2 H A |B 1 j 2 j3j7j B l-COOH 



100 200 30O 4O0 SOO 600 685 

Fig. 5. Schematic representation of the predicted primary structure of the SUP2 protein. Segment (A) represents a region coctaining 
extensive repeats of 8-10-bp sequence elements (shown by short horizontal arrows), and rich in Gm (28%X *3y (17%), Asn (16%) 
and Tyr (16%). Segment (B) represents a region with tigh ccotent cf charged re 
into four stretches: (1) a pewtr^ charged stittchshnto 

cantanring several tetrapeptide repeats rich in Lys and Ghi; (3) a stretch without charged residues; (4) a stretch carrying a negative 
charge. Segment (E) represents a region homotegous to the fuD length of yeast EF- 1 a. The sites corresponding to the first, second and 
third ATG codons are denoted by downward arrows. Putative sphce sites are marked by triangles. The scale below the map is in aa. 
(See also Fig. 2 and Table EL) 



of &SUP2 gene product, wfakh may be imported into 
mitochondria (Surguchov et aL, 1984). Most of such 
imported proteins have a signal sequence at their N 
termini , which is positively charged and able to form 
an amphophilic helix (von Heijne, 1986). A similar 
sequence element is present in a single site in the 
SUP2 protein after the second methionine (aa 
124-164). 

Conserved 12-bp sequences, HOMOL1 and 
RPG, are present in the 5'-flanking regions of most 
of yeast ribosomal protein genes (Teem et al. t 1984; 
Leer et al., 1985). The sequence HOMOL1 is also 
found in 5'-flankingregions of genes encoding EF-la 
(Huet et al., 1985) and in the SUP1 gene (Breining 
and Piepersberg, 1986). It has been proposed, that 
these sequences are required for the transcriptional 
regulation of the components of the translation^ 
apparatus (Huet et al., 198S). The HOMOL1 box is 
usually located before the TATA box at a distance 
of 150-400 bp upstream from the transcription start 
point In the SUP2 gene a sequence AACATC- 
TATATC similar to the HOMOL1 sequence, 
AACATCCT/CXG/A^A/G^A, is present How- 
ever, since this sequence is situated after presumed 
TATA box at nt positions -27 to -16 before the first 
ATG codon, it is possible that it regulates initiation 
of transcription at a site before the second ATG. A 
corresponding puUiivc TATA box is iocaied 150 bp 
upstream from the second ATG. 

(b) Initiation of translation on the third in-frame 
ATG 

Upon alignment of homologous regions of amino 
acid sequences of EF-la and the SUP2 % protein- 



initiating methionine of the EF-la corresponds 
exactly to the third methionine in the SUP2 protein, 
thus indicating possible involvement of the latter in 
the initiation of translation. The following observa- 
tion confirms this suggestion. Upon deletion from 
the SUP2 gene of a restriction fragment HindHl- 
Hindm (nt 99-434), the second in-frame ATG is 
removed and the reading frame beginning from the 
first ATG is disrupted. However, high copy number 
plasmids containing such deletions stiD complement 
certain temperature-sensitive sup2 mutations. This 
result can be explained only by the existence of a 
protein initiated on the third in-frame ATG. The 
calculated M T of this protein is 48039. 

A minor mRNA band of 1.4 kb, hybridizing to the 
coding segment of the SUP2 gene, which has been 
observed by Surguchov etaL (1986), may corre- 
spond to a transcript initiated before the third ATG 
codon. However, such a band was not found in this 
study. A possible explanation for this discrepancy is 
that this transcript occurs in relatively small amounts 
depending on the conditions, used for growth. 

(i) Possibility of alternative spBring 

Hie contiguous ORF of the SUP2 gene contains 
sequences that are typical forintrons in 5. cerevisiae 
genes, including a completely conserved sequence 
TACTAAC, which is present in all yeast introns. 
This sequence is found in the SUP2 gene around bp 
1700. At the 5' end of yeast introns a sequence 
GTATGT or, less frequently, GTACGT is located. 
Both of these sequences are found in the ORF of the 
SUP2 gene near bp 364 and 1046, respectively. A 
trinucleotide TAG (bp 1748) nearest to the sequence 



A 

- 1 — J2 2 1 » 2 

XSDSNQGNNQQNYQQYSQNGNQQQGNNRYQ 30 

2 2 a a a 2 2 a 

GYQAYNAQAQPAGGYYQNYQGYSGYQQGGY 60 

3 3 3 3__ 

QQYNPDAGYQQQYNPQGGYQQYNPQGG7QQ 00 

3 + + 3 3 

QFNPQGGRGN YKNF N YNNNLQG YQ AG FQ PQ 120 

- + +• + + + + 

3QGMSLNDPQKQQKQAAPKPKKTLKLVSSS 150 

+ + + + - - + +4- - -5+ - 6+ 

GIKLANATKKVGTKPABSD K K E B EKSAB f~R 180 

- 6 + - 6 + + +4- - + 7 + 7 +5 

EPTKEPTK VEEPVKKB BKPVQTBEKTEBKS 210 

+ +- - + 

ELPKVBDLKISESTHNTNNANVTSADALIK 240 

BQEEBVDDBVVNDN 254 



Q P 41 

42 aGGYyQNYQG 51 

57 QGGYQ-QYNP 65 

66 DAGYQQQYNP 75 

76 QGGYQ-QYNP 84 

85 QGGYQQQFNP 94 

95 QGGrg-NY 101 
112 GYQagFQP 119 

120 Q 

Rg. 6. Analysis of the amino acid sequence of the SUP2 gene. (A) Deduced structure of the N-terrninal region of the SUP2 protein. 
The one-letter amino acid notation is used. Repeat sequences are overiined and numbered. Charged residues are marked with ( + ) or 
( - }■ (B) Alignment of the most extensive rsneat cteisasL 
acids are given in capitals. 



TACTAAC may be regarded as a 3' end of this 
hypothetical intron. Hie first of two donor splice 
sites (GTATGT) seems to be a more likely candidate 
for the 5' end of the intron, because in this case the 
reading frame is not shifted by splicing. Location of 
this site is not random. The G TATGT sequence 



covers the second ATG codon and the border of the 
A and B regions of the deduced polypeptide (Fig. 5). 
The size of the protein product corresponding to 
spliced mRNA would be 25 kDa. 

A large and functionally important part of the 
sequence lies inside the proposed intron t including 
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an assumed signal for mitochondrial import and 
domains, for which participation in GTP- and 
aminoacyl-tRNA-binding is predicted due to 
homology with EF-la (Kushnirov et al., 1987). This 
indicates thai the unspliced transcript must be 
expressed, evoi if splicing does occur. Such alterna- 
tive splicing was not described in the yeast 
S. cerevisiae. 

Although we did not detect multiple transcripts of 
the SUP2 gene, their existence as well as expression 
of the corresponding protein products cannot be 
excluded. 

(j) Possible fracture tf&eSUF2 protein 

The Oterminal part of the SUP2 protein, begin- 
ning from the third methionine (Met-254), shows 
significant homology to yeast EF-la as wdi as to a 
family of analogous factors from other species 
(Kushnirov et al., 1987). The degree of amino acid 
homology amounts to 62%, considering conserva- 
tive amino acid substitutions as homologous. Fur- 
thermore, nonhomologous stretches of significant 
length are absent in this region. This allows us to 
suggest that the SUP2 protein possesses, apart from 
its N-terminal domains, the same functional 
domains as EF-la, including GTP- and aminoacyl- 
tRNA-binding domains, where the degree of 
homology is highest. One might speculate then that 
these two proteins act at the same site on the ribo- 
some and that their mode of action is rather similar. 
However, it is important to emphasize, that they are 
not interchangeable, since disruption of the SUP2 
gene is lethal (M.D.T.-A. and A.R. Dagckesamans- 
kaya, in preparation). Furthermore, as pointed out in 
RESULTS, section d, the SUP2 protein appears to be 
much less abundant, than EF-la. Taken together, 
these and other data are consistent with the assump- 
tion that the product of the SUP2 gene is a soluble 
factor that participates in the control of the fidelity 
of translation. 

In a well-studied translation system of E. coti> a 
minor protein similar to the SUP2 protein has not 
been found yet. At the same time, omnipotent 
suppressor mutations in EF-Tu have been described 
(Vijgenboom etaL, 198S). Moreover, analysis of 
these mutants revealed a reduction in the accuracy 
of the protein synthesis at both the primary amino- 
acyl-tRNA selection and the proofreading steps 



(Tapio and Kurland, 1986). This allows us to suggest 
that EF-Tu, apart from a function analogous to 
EF-la, may also perform a proofreading function, 
for which the SUP2 protein is specialized in 
S. cerevisiae. 

To determine the role of SUP2 gene produces) in 
protein synthesis it will be necessary to identify and 
purify the protein and study it V ^chemically. 
Genetic approaches and recombinant DNA tech- 
niques may also give valuable information, for 
example, examination of nucleotide substitutions, 
leading to suppression. 



ACKNOWLEDGEMENTS 

We are grateful to Dr. G.P. Samokhin and Dr. 
A.B. Sudarickov for the help with computer analysis 
of the data. 



REFERENCES 

Bermetzen, J.L. and Hall, B.D Codoo selection in yeast J. BioL 
Chem. 257 (1982) 3026-3031. 

Braining, P. and Piepereberg, W.: Yeast omnipotent suppressor 
SUP1 (SUM): nucleotide sequence of the wild-type and a 
mutant gene. NucL Acids Res. 14 (1986) 5187-5197. 

Braining* P., Surguchov, AJ>. and Piepersberg, W.: Cloning and 
identification of a DNA fragment coding for the SUP1 gene 
of Saccharomyces cerevisiae. Out. Genet 8 (1984) 467-470. 

Cottrefle, P., Thiele, D., Price, V.L., Memet, S., Micouin t J.Y., 
Marck, G, Buchler, Sentenac, A. and Fromageot, P.: 
Cloning, nucleotide sequence and expression of one of two 
genes, coding for yeast elongation factor Igl J. BioL Chem. 
260(1985) 3090-3096. 

Dequard-Chablat, M., Coppm-Raynal, E., Pfcard-Bennoun, M. 
and Madjar, JJ.: At least seven ribosomal proteins are 

involved m the contrnt oftran«1»t^na1 fl^mrfl^y fa a ftlfcaryo- 

0c orgaukiii. J. MoL BioL 190 (1986) 167=175. 

Fitzgerald, M. and Shcnk, T.: The sequence 5-AAUAAA-3' 
form? psrt of the recognition site for potyadenylation of late 
SV-40 messenger RNAs. CeO 24 (1981) 251-260. 

Huet, J., CottreDe, P., Cool M., Vignais, M-L., Thiele, D., 
Marck, G, Buchler, JAL, Sentenac, A. and Fromageot, P.: 
A general upstream binding factor for genes of the yeast 
translatkmal apparatus. EMBO J. 4 (1985) 3539-3547. 

Kushnirov, V.V., Ter-Avanesyan, MD. t Surguchov, AJ\, 
Smirnov, V.N. and Inge-Vechtomov, S.G.: Localisation of 
possible functional domains in SUP2 gene product of the 
yeast Saccharomyces cerevisiae. FEBS Lett 215 (1987) 
257-260. 



7 oest Available Copy 

54 



Leer, R.G., Van Ratmsdonk-Duin, M.M.C., Mager, WJi and 
Planta, R.G.; The primary structure of the gene encoding 
yeast ribosoma! protein L 16. FEBS Lett 175 (1984) 
371-376. 

Leer, R.G., Van Raanisdonk-Duiii, MM.C, Mager, WJL and 
Planta, R.G.: Conserved sequences upstream of yeast riboso- 
mal protein genes. Cttrr. Genet 9 (1985) 273-277. 

Lin, H.C, Lei, SJ>. and Wilcox, G.: An improved reqntnrmg 
strategy. Anal BiochenL 147 (1985) 114-119. 

Mamatis 1 T. f Fritsch,EJ 7 .andSanibrc^ 

A Laboratory Manual Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY, 1982, pp. 200-201. 

Messing, J.: New M13 vectors for cloning. Methods £nzymoL 
101(1983)20-78. 

Ozelri, R, Iuokuchi, R, Yamao, F., Kodaira M., Sakano, R, 
Ikemura, T. and Shnnurs.Y.; Genetics of nonsense suppres- 
sor transfer RNAs in Escherichia cdL In SfiU, D., Abelson, 
J.N., Sdrimmel, PJL fEdsJ, Transfer RNA: Biologica] 
Aspects. Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY, 1980, pp. 341-362. 

Sanger, F. t Nkkten, S. and Coulson, Alt : DNA sequencing with 
chain-terniinating mhibitors. Proa NatL Acad. ScL USA 74 
(1977)5463-5467. 

Sharp, P.M.,Tuohy,T.MJ\ and Mosurski, JUL: Codon usage 
in yeast: cluster analysis clearly differentiates highly and 
lowly expressed genes. NucL Acids Res. 14 (1986) 
5125-5143. 

Sherman, F.: Suppression hi the yeast Socchar^myc*: tert^jktt. 
In Strathera, J.N., Jones, EW. and Broach, JJL (Eds) F 
Molecular Biology of the Yeast Saccharomyces: MetaLohsm 
and Gene Expression. Cold Spring Harbor Laboratory. Cold 
Spring Harbor, NY, 1982, pp. 463-486. 

Steege, DA. and Son, D.G.: Suppression. In GoMberger, R.F. 



(Ed.), Biotopcal Regulation and Development, Vol 1. 
Plenum, New York, 1979, pp. 433-485. 

Surguchov, A.P., Smirnov, V.R, Tcr-Avanesyan, MJ>. and 
Inge-Vechtomov, S.G.: Ribosomal suppression in 
eukaiyotes. In Stauachev, VP. (Ed.X Phywcochcmfcal Bio- 
logy Reviews, VoL4. Soviet Scientific Reviews, Moscow, 
1984, pp. 147-205. 

Surguchov, AJ\, Tefckov, M.V. and Smirnov, VJt: Absence of 
structural homology between SUP1 and SUP2 genes of yeast 
Saccharomyces cerevisiae and identification of their tran- 
scripts. FEBS Lett 206 (1986) 147-150. 

Tapio, S. and Kurland, C.G.: Mutant EF-Tu increases mwnfflse 
error in vitro. MoL Gen. Genet 205 (1986) 186-188. 

Teem, JX., Abovkh, R, Kaufer, NJ\, Schwindinger, WJv 
Warner, JJL, Levy, A^ Woolfcrd, J„ Leer, RJ., Van 
Raainsdrmk-Duin, M.M.C, Mager, W.R, Planta, RJ., 
Senate, L., Fricscn, J.D., Fried, R and Roshbash, M.: A 
comparison of yeast ribosomal protein gene DNA sequences. 
NucL Acids Res. 12 (1984) 8295-831Z 

Teickov, M.V., Surguchov, A.P., Dagckesamanskaya, A.R. and 
Ter-Avanesyan, M.D.: Isolation of a chromosomal DNA 
fragment containing SUP2 gene of the yeast Saccharomyces 
cerevisiae. Genetika 22 (1986) 17-25 (in Russian). 
Vijgenboom, Vink, T., Kraal, B. and Bosch, L.: Mutants of 
elongation factor EF-Tu, a new class of nonsense supprcs- 
«jts. EMBO J. 4 (1985) 1049-1052. 
von K&jne, G.: Mitochondrial targeting sequences may form 

amphiphOk fesHces. EMBO J. 5 (1986) 1335-1341 
Zaret, K.S. and Sherman, F.: DNA sequence required for 
efficient transcription tennination in yeast Cell 28 (1982) 
563-573. 

Communicated by A.A. Bayev. 



dest Available 

The EMBO Journal vol.7 no.4 pp.1 175- 1 182. 1988 



A yeast gene required for the Gi-to-S transition 
encodes a protein containing an A-kinase target site and 
GTPase domain 



Yoshiko Kikuchi, Hiroyuki Shimatake and 
Akihikc Kikuchi 1 

Department of Molecular Biology. Toho University, School of ^ 
Medicine, 5-21-16 Omori-Nishi, Ohta-ku, Tokyo 143 and 'Mhsubishi- 
Kasei Institute of Life Sciences, 1 1 Minamsooya, Machkte-shi, Tokyo 
194, Japan 

Communicated by R.Monter 



A new temperature-sensitive mutant of Saccharomyces 
cerevisiae, gstl (Gi-to-5 transition) was isolated. At non- 
permissive temperature the mutant ceDs with large buds 
amnmffrtp^ and DNA synthesis was substantially ar- 
rested. From the reciprocal experiment of temperature- 
shift and mating-factor treatment, it was shown that the 
execution point was post 'START. This suggested that 
the mutation affected the Gi-to-S phase transition in the 
cell cycle. A DNA clone complementing the gstl-1 muta- 
tion was isolated from a yeast gene library, and gsfi was 
mapped in chr4R, by Southern blotting of cloned se- 
quence to the individual yeast chromosome DNA by 
OFAGE system and by genetic analysis. The gene pro- 
duct was tentatively assigned from DNA sequencing 
analysis, as a protein of mol. wt 76 565 whkh contained 
consensus sequences for a target site of cAMP-dependent 
protein kinase(s) and for GTPase with extensive 
homology to polypeptide chain elongation factor EFla. 
Key words: cell cycle/DNA synthesis/EFla homolog/site 
for A-kinase/yeast ts mutant 



Introduction 

To study the eukaryotic cell cycle, the budding yeast Sac- 
charomyces cerevisiae offers a useful model system. Muta- 
tions causing stage-specific arrest in the cell cycle are 
important to clarify what kinds of gene products are involv- 
ed in those complex processes, and the characterization of 
these proteins gives us clues to understand how they operate 
(Hartwell et al. 9 1973; Pringle and Hartwell, 1981; Reed 
et at. , 1985; Patterson et al. , 1986). The initial event in the 
cell cycle, called * ST ART*, takes place in the late G, 
phase, where the decision to undergo one cell cycle is made 
only when most of the cellular molecules are ready to be 
duplicated. Several cdc (cell division cycle) mutants were 
isolated which affected this 'START' event (Hartwell, 1973; 
Hartwell et aL 9 1974; Reed, 1980; Bedard et al., 1981). 
Once a cell cycle has passed through 'START', DNA syn- 
thesis initiates and the normal sequential events of the cell 
cycle follow. For the subsequent step, but immediately prior 
to die DNA synthesis, two cdc genes, namely cdc4 and cdc7 y 
have been known to function in this order (Hereford and 
Hartwell, 1974). After the DNA is duplicated, each chromo- 
some connected via as-acting centromeres to the mitotic 



apparatus is faithfully distributed to each daugjtter cell. The 
yeast is die only organism whose centromere se qu e n ces have 
been cloned and characterized (Clarke and Carbon, 1980; 
Stinchcomb et al, 1982). 

Our initial aim was to isolate ^npaamre-sensitive mutants 
in which proteins acting on centromeres were defective. For 
this purpose we took advantage of the fact that the chromo- 
some copy number was rigorously regulated by the number 
of the centromere, although the mechanism whkh maintains 
the copy number of each chromosome to be oneperbaploid 
cell is yet unknown . When the centromere sequence is incor- 
porated into multicopy plasmids such as yeast 2jt-piasmid, 
the copy number of the hybrid plasmid drops as low as one 
molecule per cell (Stinchcomb etaL, 1982). If proteins exist 
that control the chromosome copy numbCT^tecemroinere 
level, we might expect to obtain mutants with thermolabile 
proteins where the hybrid 2 /t-plasmid with centromere se- 
quence could amplify to a higher copy number at an inter- 
mediate temperature . The amplification might be facilitated 
through the intramolecular inversion system of the 2 ji- 
plasmid mediated by HP-protein between two inverted 
repeat sequences (Futcher, 1986; VoUoert and Roach, 1986). 
To detect amplified hybrid plasmids, we connected a defec- 
tive LEU2 (Beggs, 1978) to the plasmki as a selective marker 
which expressed only 5% of the wild-type level (Erhart and 
Hollenberg, 1983), so that we could get Leu + transfbrm- 
ants when the copy number increased. Unexpectedly, we 
obtained a group of mutants in which die copy number of 
CEN-plasmid did not increase and whose cell cycles were 
arrested at die stage prior to DNA synthesis at high 
temperature. In this report, one of the mutants, gstl, was 
analysed. The new gene appeared to be required for the 
G,-to-S phase transition and encoded a protein with a target 
site ofcAMP-dependent protein kinase(s) (Cohen, 1985) and 
a GTPase domain with extensive homology to the polypep- 
tide chain elongation factor EFla (Nagata et al 9 1984; 
Schirmaier and Philippsen, 1984). 

Results 

Arrest phenotype of the gstl mutant 

A new temperature-sensitive (ts) mutant of S. cerevisiae was 
isolated as described in Materials and methods. The strains 
YK21-02 and YK21-03 were derived from a backcross of 
die original isolate. In die second cross of YK21-02 with 
a wild-type C5051-3D, the diploid was temperature resis- 
tant and the ts phenotype segregated 2+ :2- , indicating that 
it was a single and recessive mutation (gstl-1). When asyn- 
chronous cultures of die strain YK21-02 or YK21-03 were 
grown at 26°C or 30°C (permissive temperature) and shifted 
to 36°C (non-permissive temperature), budded cells ac- 
cumulated (74% of die total cells in the case of YK21-02 
and 64% in YK21-03), as shown in Figure 1A. Although 
the size of the buds and the percentage of budded cells 
seemed to be variable by genetic backgrounds, the terminal 



©|RL Press Limited, Oxford, England 



1175 



YJUkucN. H.SNmatalw and AJOkucM 



Best Available Copy 




Fig. l. Arrested morphology of the gstl mutant and location of the nuclei. (A) Cultures of the mutant cells were grown in YPD at 26°C and 
transferred to 36°C. At the following times after shift, photographs were taken: (I) gstl-l (strain YK21-02), 6 h; (ii) gstl-l (YK21-03), 6 h. 
(B) Mitochondrial DNA from yeast cells was removed as described in Materials and methods and nuclear DNAs were stained with DA PI. (i) Cells 
of gstl-l q° (YK21-02 q 6 } incubated at 36°C for 6 h after shift, (ii) gstl-l q° (YK21-02 G °). 36°C. overnight, <Ui) cdc7-l q° (124 e °), 36°C 6 h. 
Bar = 5 pm. 



morphology of the arrested cells appeared to be cell cycle 
specific. 

In order to find at which stage of the cell cycle the mu- 
tant cells were blocked in the restrictive condition, we deter- 
mined whether it was after the iriatmg-pheromone-sensitive 
step or not. The a-mating factor arrests cells of a mating 
type in the late G( stage, before the initiation of DNA syn- 
thesis, and changes than to schmoo structures. Since the mating 
efficiency of the strain YK21-Q2 or YK21-03 was < 10% 
(this phenotype was derived from ste of the original strain), 
we used the strain YK32-2C in which the phenotype of low 
mating efficiency segregated out in the second cross. After 
3 h of treatment with a-factor, the cells were washed by 
filtration, transferred to a fresh medium (0 h, Figure 2Ai) 
and incubated at 37°C. Bud formation occurred and the buds 
grew bigger as the time increased (Figure 2Aii, iii). As a 
reciprocal experiment, arrested cells at the restrictive 
temperature (27°C, 3 h, Figure 2Bi) were mixed with ce- 
faclor and the culture was shifted to 26°C. Nuclear and cell 
divisions occurred and both mother and daughter cells chang- 
ed to schmoos during 3 h (Figure 2Bii, iii). The cell number 
increased by 1 .6-fold. Therefore, the execution point seemed 
to be after the mating-factor-sensitive step (post * ST ART'). 

DNA synthesis of mutant celis was measured as describ- 
ed in Materials and methods. Asynchronous cultures of the 
strain YK21-02 q° missing its mitochondrial DNA were 
continuously labeled with rHJuracil at 26°C, and transfer- 



red to 36°C. After temperature shift, the DNA synthesis was 
substantially arrested, compared with the protein synthesis, 
which was followed by the incorporation of [ 35 SJmethionine 
(Figure 3). 

In the G r to-S phase transition of the cell cycle of 
S.cerevisiae two cdc genes, cdc4 and cdc7, are well 
characterized. Temperature sensitivity of the strain gstl com- 
plemented either cdc mutant. The dumb-bell-shaped terminal 
morphology and defective DNA synthesis of gstl were 
similar to the phenotype of cdc7^ except the location of 
nucleus. When the nuclear DNA of the strain YK21-02 q° 
was fluorescently stained with DAPI, the nuclei appeared 
to locate near the junction of the buds (Figure IB). In con- 
trast, the arrested nucleus of cdc7 migrated into the isthmus 
between the bud and the mother cell (Figure IB; Hartwell 
*/a/., 1973). 

Isolation of plasmid capable of complementing gst1-1 
mutation 

A plasmid pYK801 capable of complementing the gstl-l 
mutation was isolated from gene libraries in multicopy vec- 
tor YEp24 (Botstein et a/., 1979). The restriction map of 
the plasmid is shown in Figure 4. To localize the functional 
GST1 gene, various DNA fragments were subcloned into 
a centromere vector YCpSO (Kuo and Campbell, 1983), 
which carried the yeast URA3 gene, ARS1 (autonomously 
replicating sequence), CEN4 (centromere 4) in pBR322 and 
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Fig. 2. Reciprocal experiment of temperature-shift and mating-factor treatment. (A) Cells of the strain YK32-2Cwe« C 
and treated with 40 Mg/ml a-factor for 3 h at 26'C. After washing a-factor by filtration, the culture^ transferred to a fresh rwxbum and grown 
further at 37'C. (») Oh. (U) 2 h. (Ill) 3 h after temperature shift. (B) Cells of YK32-2C were cultivated at 26°C and shifted I to 37*C. After 3 ha 
restrictive temperature the cells were mixed with a-factor and transferred to 26°C to resume the growth: (I) 0 h, <H) 2 *U C«fi) 3 h incubation with a- 



restrictive temperature 
factor. 

behaved as a mini-chromosome in yeast. The resulting 
plasmids were introduced into YK21-02 and Ura + trans- 
formants were selected at 26°C. The temperature sensitivity 
of the transformants was checked by growth on a rich 
medium at 36°C. The complementing activity was localiz- 
ed within the 3. 1-kb DNA region between the Xbal and PvtM 
sites and the rninimal requirement was the 1.3-kb region bet- 
ween the Sail and the Pstl sites (Figure 4A), although the 
plasmid pYK825 carrying the 3. 1-kb (EcoRl-PstT) frag- 
ment partially complemented. 

To confirm that the cloned DNA fragments contained the 
GSTJ gene itself and not an extragenic suppressor, the 4.6-kb 
(EcoRl-Xhol) fragment was inserted into an integration vec- 
tor YIp5 (Scherer and Davis, 1979), which carried the URA3 
gene in pBR322. Since this hybrid, designated pYK821 
(Figure 4B), cannot replicate autonomously in yeast, stable 
transformants arise only if the plasmid integrates into a 
chromosome by homologous recombination. To facilitate 
homologous recombination, the plasmid DNA was linearized 



with the restriction enzyme the site of which was located 
in the middle of the gene and integrated into the chromosome 
(Orr-Weaver et al, 1981). Ura + transformants were tem- 
perature-resistant recombinants. If they were mated with a 
wild-type strain (- +/+), only 5% of the spores turned out 
to be temperature sensitive upon meiosis, indicating that the 
cloned DNA was located at or close to the gstl-1 mutation. 

Mapping of the GST1 gene 

To map the GST1 gene, we performed the Southern blot- 
ting analysis to the yeast chromosomal DNAs fractionated 
in size by the orthogonal fieki-alternation gel electrophoresis 
(OFAGE) system (Carle and Olson, 1985), using pYK802 
as a probe; the 8.9-kb EcoTU fragment of pYKSQl carrying 
the GST1 gene and pBR322 was self-Iigated to make 
pYK802. The DNA probe hybridized to the top-most band 
to which the TRP1 probe also hybridized, indicating that the 
cloned DNA was derived from chromosome 4 (data not 
shown). 
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fig. 3. DNA and protein synthesis. Assay procedure was described in 
Materials and methods. Results are expressed in percentages to the 
amount at the time of the te mpera t u re-shift. O — O protein; 
• • DNA. 
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Fig. 4. Localization of the functional GSTI. The restriction map of the 
ptasmid pYK801 b drawn. YEp24 vector contains 2 p-ORJ and URA3 
on pBR322 (Botstein et a/., 1979). The yeast genomic DNA fragments 
have been cloned at the BamHl site of the vector. The open Lox 
represents the insert. R, EcoRl; H* Mndfll; Bg, BglU; C, Ool; K, 
Xpnl; Xb. Xbak S, Sail; P, Arl; V, Pvull\ Xh, Afcol. 

(A) C ui yin i B Kati on of gstl with various hybrid ptasmkts. DNA 
fragrnents from the insert of pYKSOl were subctoned into YCpSO 
(Kuo and CainpbeO. 1983). PUsmid DNAs were introduced into gstl 
and Ura + O^nsfonnants were selected at 26°C. Thermosensitivity of 
those transformants was checked at 36°C. pYK807: 4.6-kb 
<£ct*I-X^ ftignrt was cloned into YCpSO. 0YK8IO: DNA 
region between /Mill site in the insert and Mid site in the vector was 
deleted from pYK807. pYKS25: 3.1-kb (EaM-Psti) fragment and 
2-kb (ftrt-/fimffll) fragment of 2 pftaenad used as a linker, were 
inserted between and Hmdm sites of YCp50. pYKffiO: 2.8-kb 
(Eco*l-mmm fragment was cloned into YCpSO. pYK811: l.t-kb 
(EcoRI-JHwi) fragment in the insert of pYK807 was replaced with 
(fcoRI-JttuQ fragment c ontaining TRPl region of YRpl6 
(Stmcacomb et aL< 1982). pYK819: 2-kb (EcoSa-Salt) fragment of 
pYK807 was replaced with 2-kb (EcM-SaH) fragment of YRpl6. 

(B) Fbsnnd structure for homologous integ r ati on. pYK821: 4.6-kb 
(£coRI-XM) fragment was inserted between EcdRl and Sail sites of 
YIpS (Scherer and Davis, 1979). DNA sequence was determined (see 
Figure 6) in the region mnVatfd by thick line. Hp, Hpa\\ St, Stid; 
RV, EcoRV; Sau, &ui3A. 

Genetic evidence indicated that the GST] gene was located 
near the CDC37 gene. In a cross of gstl with cdc37. the 
diploid was t emperat ure resistant and after meiosis one out 
of 20 tetrads had a ft* recombinant, while other markers, 
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fig. 5. Identificatioci of GSTI RNA transcript. A 10-^g sample of 
total RNA from strain DBY747a (1) or YNN27or (2) was denatured 
with gtyoxal and resolved by 1.1% agarose gel elecriophoresis, as 
described in Materials and methods. RNAs visualized by ethidium 
bromide staining were marked as size markers. 

Trp and His segregated 2+:2 - . Other ts mutants, seel, secS 
and sec7 y mapped near cdc37, complemented with gstl. 
Therefore, the GSTI gene may be a new ts gene near the 
CDC37 gene on chromosome 4R. 

RNA transcript 

Total RNA was prepared from the wild-type strains 
DBY747a and YNN27a and a Northern blotting analysis 
was performed using the pYK812 DNA (pTZ18R contain- 
ing the 1.3-kb Kpril fragment from pYKSOl) as a probe. 
A major hand was seen at 2.4 kb and a minor band appeared 
near 18S rRNA (Figure 5). 

The nucleotide sequence of the GST1 locus 
The nucleotide sequence of the cloned DNA fragment of the 
GSTI gene and its flanking region was determined by 
dideoxy-chain termination method as shown in Figure 6. A 
predicted amino acid sequence (685 amino acids) for die long 
open reading frame (2055 bp) is also shown. The calculated 
mol. wt of the protein is 76 565. At several positions, in- 
cluding the sequence from -21 to -18 in the 5' upstream 
region, there are TATA sequences. The nucleotide sequence 
downstream from the TAA termi nation codon contains se- 
quences TAG- ■ -TAGT- • -TTT from +2170 to +2195, 
which may be associated with transcription termination and 
polyadenylation (Zaret and Sherman, 1982). A second poten- 
tial GSTI polyadenylation sequence, AATAAA is present 
at nucleotides +2139 to +2144 (Figure 6; Fitzgerald and 
Shenk, 1981; Bennetzen and Hall, 1982). 



Homology with elongation factor 1a 

The predicted GSTI protein from the DNA sequence data 
is constituted from three domains. The domain I (codons 
5-135) is rich in glutamine (30%), asparagine (16%) and 
tyrosine (15%), and highly conserved stretches of amino 
acids, QGGYQQ(Q)YNP, repeat about four times. In the 
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720 
810 
900 



GATCATACAfiAAGTTATTGTCACTTCTTACCTT6CTCTTAAATGTACATTACAACCGGCTATTATATCTTACATCATC6TA -181 

TAATATGATCTTTCTTTATGGAGAAMTTrnTTTTCACTCGACCAAAGCTCCCATTGCTTCTGAAGAGTGTAGTGTATATTGGTACATC -91 
•* ■ * 

HCTCTTGAAAGACTCCATT6TACTGTAACAAAAAGC6GTTTCTTCATC6ACTT6CTCGGAATAACATCTArATCTGCCCACTW»CAACA -1 

AT6TCGGATTCAAACCAAGGCAACAATCAGCAAAACTACCAGCAATACAGCCA6AACG6T^ 90 
H«tS«rA«pS«rAioGloGlyA$nA»nG1nGlnA«nTyr61nG1nTyrS«r61nAsnG1yAsnGlnG1nGliiG1yA*nA»iiAr9TyrGlii 

66TTATCAA6CTTACAAT6CTCAA6CCCAACCTGCAG6TGG6TACTACCAAAAITACCAA6GTTATTGTGGGTACCAACAAG6TGGCTAT 180 
G1yTyrSlnAUTyrAsnAla61i)A1aGinPrcAU61yGly^ 

CAACA6TACAATCCCGAC6CCGGTTACCA6CAACAGTATAATCCTCAAGGAGGCTATCAACAGTACMTCCTCAAGGCGGTTATC^CW 270 
61n61nTyrA»nProA»pAU61yTyrG1nG1nC1nTyrA»nP^ 

CAATTCAATCCACAA6GTGGCCGT6GAAATTACAAAAACTTCAACTACAATAACAATTTGCAA66ATATCAAGCT6GTTTCCAACCACA6 360 
G1nPh«AtoProG 1nG1yG1yAryG1yAsnTyrlysAinPhcAsnTyrAsnAsnAtnleuG1nG1yTyrG1nAUG1yPhtG1nProG1n 

TCTCAAGGTAT6TCTTTGAACGACTTTCAAAAGCAACAAAAGCAG6CC6CTCCCAAACCAAA6AA6ACTTTGAAGCTTGTCTCCA6TTCC 450 
SerGlitflyMatSarLauAtnAipPhaGlnLysGlnGlnLysGlnAUAIa^^^ 

6GTATCAA6TTGGCC AATGC TACC AAGAAGG T TGGC AC AAAACC T6CCGAAT C T6ATAAGAAAGA6GAAGA6AAGTCTGCTGAAACCAAA S40 
GlyllaljsLtuAUAstiAlaThrLy^LysValGlyTh^ 

GAACCAACTAAA6AGCCAACAAA66TCGAAGAACCAGTTAAAAAGGAGGAGAAACCAGTCCAGACTGAAGAAAAGAC6GAGGAAAAATC6 630 

GluProTbrly^61uPr©ThrlytValG1uG1uProVal^ 

GAACTTCCAAA66TAGAAGACCTTAAAATCTCT6AATCAACACATAATACCAACAATGCCAAT6TTACCAGTGCT6ATGCCTT6ATCAA6 
GluleuProlysValGluAspLauLysHeSerGluSerT^^^ 

GAACAGGAAGAAGAAGT6GAT6AC6AAGTTGTTAACGATATGTTTGGTGGTAAAGATCAC6TTTCTTTAATTTTCATG6GTCATGTT6AT 
Gl«GlnG1iiGluGluV«1AspAsp61oValValA*nAipHetPheG1yG1yLysA«pllHVa1SerLettI1ePh«l(at61yHl t Va1Aip 

GCCGGTAAATC TACT ATG66T6GTAATC TACT AT ACT T6AC TGGC TCTGT6GATAAGA6AACTATTGAGAAATATGAAA6AGAA6CCAAG 
AUGlyLy*S«rThrH.t61yGlyA*nLauUoTyrLtuThrG1ySerValA*pLysArflThrlleG1uLy«Tyr61uArg61uAlaLyt 

GATGCA66CAGACAA6GTT6GTACTTGTCATG6GTCATGGATACCAACAAA6AA6AAA6AAATGATGGTAA6ACTATC6AA6TT66TAAG 990 
AipAUGlyArgGln61yTrpTyrLtoS«pTrpVa1««tA$pThrA*nty*G1uGluAr9A$nAspG1yLyiThrIUG1uValG1yLy* 

G CCTAC TTTGAAACT6AAAAAA66CGT T A TACCATAT T6GAT6C TCCTGGTCATAAAAT6TACGTT TCC6AGAT6ATCGGTG6T6C TTCT 1080 
Ai>TvrPh.fil u ThrC1u LvtArQArqTyrThrMat tuA>pA1aProG1yllUty»HatTyrVa1SerG1uW«tntG1yG1yAUST 

CAAGCTGATGTTGGTGTTTT66TCATTTCC6CCA6AAAGGGTGAGTAC6AAACCGGTTTT6A6AGA66TGGTCAAACTCGT6AACAC6CC 1170 
GlnA1aA*pVa1G1yValUoVa1l1«SerA1aAr9Ly»GlyG1uTyrGluThrG1yPhaG1oArgG1y61yG1nThrArfl61uHl*A1a 

CTATT6GCCAAGACCCAAGGT6TTAATAAGATGGTT6TCGTCGTAAATAAGATGGAT6ACCCAACCGTTAACT66TCTAAGGAACGTTAC 1260 
L«uL»oAULyiThrG1n61yValAtnLys««tValVa1Va1ValA«nLysH«tA*pA*pProThrV*1A*nTppS«rLy*61uApgTyr 

6ACCAATGTGT6AGTAATGTCAGCAATTTCTTGAGAGCAATTGGrrACAACATTAAGACA6ACGTTGTATTTATGCCA6TATCC66CTAC 1350 
A*p61nCyiVa1S»rA«DValS»rA*nPh«L«uAraAUnaG1yTyrAsnI1Uy*ThrA*pV«lValPh»ll«tPpoValS«p€lyTyr 

. • • 

AGT68T6CJUUTTT6AAAGATCACGTAGATCCJWU^AGAATGCCCATGGTACACC6GCCCAACTCTGTTAGAATATCTGGATACAATGAAC 1440 
S»pG1yAnA$nUuLytA«pHlfVa1AtpProLy$G1uCytProTppTyrThrG1yProThrL«uLtuG1uTyrUuA«pTt»rH«tAiii 

CACGTCGACCGTCACATCAAT6CTCCATTCATGTTGCCTATTGCCGCTAAGAT6AA66ATCTA6GTACCATCGTT6AWGTAAAATT6AA 1530 
Hl«Va1AtpArgHl*l1aA»nAUProPh«MatUuProIUAlaAlaLy*««tLy»A*pL»uG1yThrlUValG1o61yLy»IU61u 

TCCGGTCATATCAAAAA66GTCAATCCACCCTACTGAT6CCTMCAAAACC6CTGTG6AAATTCAAAATATTTACAAC6AAACTGAAAAT 1620 
S«rG1yH1slULysLysG1yG1nSarThrL«uUuN«tProAsnLysThrAUVa161ul1«G1oAsn!UTyrAsnG1uThr€1iiAsn 

GAA6TT6ATAT66CTAT6T6T6GT6A6CAAGTTAAACTAA6AATCAAAGGTGTT6AA6AAGAAGACATTTCACCAGGTTTT6TACTAACA 1710 
G1uVa1AtpM«tAUMatCysGlyG1uG1nVa1LysUuArgl1«Lyt61yVa1G1uG1uG1uAsplHS«rProG1yPh«VaH«uThr 

TC6CCAAAGAACCCTATCAAGA6T6TTACCAAGTTTGTAGCTCAAATT6CTATTGTA6AATTAAAATCTATCATAGCA6CC6GTTTTTCA 1800 
SarProLytAsnPron«LytS«rVa1ThrLysPhtValAnG1nI1tA1aIUVa1G1uL«uLysS«rn«IUAnAUG1yPhaS«r 

• • • 

T6TGTTATGCATGTTCATACAGCAATTGAAGA66TACATATTGTTAAGTTATTGCACAAATTAGAAAAGGGTACCAACCGTAAGTCAAAG 1890 
CysVa1HatHlsV«1HltThrAni1eG1uG1uVa1llun«VaHytUuUulHsLyftUuG1uLysG1yThrAsnArgLys5«rLys 

AAACCACCT6CTTTTGCTAA6AAG66TATGAA6GTCATC6CTGTTTTA6AAACT6AA6CTCCAGTTT6T6TG6AAACTTACCAAGATTAC 1980 
LysProProA1aPhtAULysLys61yttatLysVa1I1«AUValL«uG1uThrG1uA1aProVa1CysV«1G1uThrTyrG1nAipTyr 

CCTCAATTAGGTAGATTCACTTT6A6A6ATCAAGGTACCACAATA6CMTT6GTAAAATTGTTAAAATT6CC6AGTAAATTTCTTGCAAA 2070 
ProG1nL«uG1yArgPh«ThrUuArgAtpG1nG1yThrThrI1aA1aI1eG1yLysI1aVa1LysM«A1aG1u 

CATAAGTAAATGCAAACACAATAATACCGATCATAAAGCATTTTCTTCTATATTAAAAAACAAGGTTTAATAAAGCTGTTATATATATAT 2160 
ATATATATATAGACGTATAATTAGTTTAGTTCTTTTT 



Fig. 6. Nucleotide sequence and predicted amino acid sequence of the GST1 gene product The coding sequence runs for 2053 n u cte o tid e s, wh ich 
would encode a protein of 685 amino acids. The putative TATA" boxes are located at several positions marked by open circle s. The potential 
signals for transcription termination and polyadenylatkm are indicated by dosed circles and asterisks. The repetitive and higMy conserved stretches of 
amino acids in domain I are shown by arrows. Bask or acidic amino acids in domain II are indicated as + or Comparison of ammo aod 
sequence of domain m with EFIcr is shown in Figure 7. The putative recog n iti on site of A-kinase is underlined. 
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254 • 290 

GST1 * HFG6KDH VSLIF*HVO A6I STfCGKL IVLTGSVDU 

• • • MM « » « • • • ••• 

EFia N6KEKSH IifVv favO SGI 5TTT6HL IYKCGG1DKR 

1 

340 

TUKYCREAK DAGftQGUYLS MVUBTWICECR MDGKTIEV6K AYFTTEJggjf 

TIEKFEKEAA ELGKGSFKYA WLDKLKAES ESG1TI0IAL UKFETPKYQV 

. . 390 

TIlbAmKM YVSEMIGGAS QAOVGVLVIS ARKGEYETGF ERG6QTREHA 

1 llli M • * *** • • M • • ■■■■■■■ 

TVtPAFwRD FIKNMIT6TS QADCAILHA G6VGEFEAGI SKD6QTREHA 

• 440 

lUYTQGVU NVVViiom PTVRVSKERY OOCVSIIVSNF LRAIGYNIKT 

m* • • * * * * •** *** ** 

LLAFTLGVRQ LIVAt fcpCl SVKVOESRF QEIVKETSNF IKKV6YNPKT 

478 

WfVF«PVS6Y S6ARLK0HV0 PKECPWY T GPTLLEYLDT 

• ••»••• **• • * 
VPFVPISGU NGDMME A TTNAPUYKGH EKETKAGVVK GXTLLEAIDA 

S26 

MHVORHIIA PFKLP1AA KWCOLGTIVE GKIESGHIKK GQSTLLMP1K 
# * » • ♦* •••••• * 

IEQPSRPTOK PLRLPLOOVY K16GIGTVPV GRVET6VIKP GfWVTFAPAG 

575 

TAVEIQMIYN ETENEVDNAM CGEQVKLRIK GVEEE0ISP6 FVLTSPKN P 
• #♦##•••**» 

VTTEVKSV E NHHEQLEQGV PGDNVGFNVK NVSVKEIRRG NVCGDAKNDP 

625 

IKSVTKFVAQ 1AIVELKSII AA6FSCVKHV HTAIEEVHIV KLLHKLEKGT 
» • • « ♦# • • •* * 

PKGCASFRAT V^VLNHPGQI SAGYSPVLOC HTAKIACRFD ELLEKNDRRS 

675 

■RKSKKPPAF AKKOOtVIAV LETEAPVCVE TYQDYPQL6R FTLRDQGTTI 
# • • • * •* #•• • •# • 

GXKLEDHPKF LKSGDAALVK FVPSKPUCVE AFSEYPPLGR FAVRWRQTV 
685 

AIGKIVKIAE 

• • * 

AVGVIKSVPK TEKAAKVTKA AQKAAKK 
458 



Ffg. 7. Comparison of amino acid sequence of domain III of GST1 
with EFlo. Homologies between two sequences are indicated by 
asterisks. The region around 339 which might be recognized by A- 
kinase is underlined and the threonine at 341 might be phosphorylated. 
Three boxed regions specify consensus sequence elements in the GTP- 
binding domain (Dever et a/., 1987). Two lysine residues which might 
interact with GTP/GDP are marked by closed circles. 

domain II (codons 139-249), acidic (especially Glu) and 
basic amino acids (mostly Lys) appear in turn as clusters. 
In the domain III which starts at codon 254 and ends at the 
carboxy terminus, extensive homology is found with yeast 
polypeptide chain elongation factor la (EFia) (Nagata et 
al. , 1984; Schiraiaier and Philippsen, 1984). The extent of 
homology with EFia is 49% in the nucleotide sequence and 
38% in the amino acid sequence (Figure 7). In particular, 
homology with the first half of EFia is noteworthy; this 
is characteristic of a OTP-binding domain and GTPase ac- 
tivity center, as deduced from the X-ray crystallography of 
EF-Tu protein, an elongation factor of Escherichia coli (Jur- 
nak, 1985). Three consensus sequence elements in the GTP- 
binding domain with distinct spacing (Dever et aL> 1987) 
are boxed in Figure 7. Two lysine residues at codons 273 
and 407 might interact directly with GTP/GDP. Less 
homology is evident in the second half of EFia, while a 
small part of the cartwxy-terminal portion resumes some 
similarity between two sequences. 

Furthermore, the sequence KRRYTI (codons 337 -342) 
may represent a target she of cAMP-dependertpr^in kinase 
(A-kinase) (Cohen, 1985), which might phosphorylate the 
threonine residue at the position of codon 341. 



Discussion 

We have isolated many ts mutants using the selection describ- 
ed in Materials and methods. One group of these mutants 
accumulated budded cells after incubation at high tem- 
perature. Morphologically they are clearly different from 
'START* mutants, which end up large unbudded cells. The 
new mutants proceed to the next stage and are arrested, like 
the cdc7 mutant, with bud formation. The original selec- 
tion could not be reproduced on the mutant described in this 
paper. It is not clear at this moment why we could collect 
such particular mutants. A CEN-plasmid was less stable at 
higher temperature and its copy number did not increase in 
the gstl mutant (unpublished observation). 

The domain HI of the GST1 protein is strikingly similar 
to polypeptide chain elongation factor EFia (Nagata et al. , 
1984; Schirmaier and Philippsen, 1984). Since the stereo- 
chemical structure of the GTP-binding and GTPase domain 
of the EF-Tu protein of E.coli was already deduced from 
X-ray crystallography (Jurnak, 1985), we can superimpose 
die GST1 protein on the EF-Tu protein with appropriate ad- 
justments. Three consensus sequence elements for the GTP- 
binding domain in GTP-binding proteins are boxed in Figure 
7 (Dever etal. 9 1987). The region between the first and se- 
cond consensus elements is known to interact with its effec- 
tor. In this region the consensus sequence for the A-kinase 
target site is located. It is interesting to see whether GST1 
protein interacts with some factors) and if its binding is 
regulated by die phosphorylation. 

In the signal transmission pathway, G-proteins, including 
RAS proteins localized at the membrane, modulate protein 
kinases. Subsequent phosphorylation of the target proteins 
is one of the critical events in the onset of S phase. Con- 
sidering that GSTJ protein carries a potential target site for 
A-kinase, it would function epistatically to die kinase func- 
tion. So, it is unlikely that the protein is located at the mem- 
brane like the authentic G-proteins. Also, the protein does 
not contain a Cys residue near the carboxy terminus, required 
for membrane localization (Powers et of., 1986). 

The amino acid sequence of GSTJ protein is not conclusive 
yet, because we only deduced this from the DNA sequenc- 
ing data. We have not examined whether the gene contains 
intron sequences or not. However, the size of the 2.1-kb 
coding region, 0. 1-kb 3'-untranslated region, 5'-untranslated 
region plus poly(A) chain appeared to be reasonable, com- 
pared with the size of the 2.4-kb mRNA as shown in Figure 
5. Moreover the nucleotide sequence did not contain perfect 
consensus signals for splicing in yeast, GTATGT- • -TAC- 
TAAC • • - CAG (Schatz et at. , 1987). In the complementa- 
tion experiment shown in Figure 4 one of the boundaries 
of the functional region should be beyond the restriction en- 
zyme Pstl site and may be close to the boundary since the 
plasmid pYK825 complemented partially. In fact, the Pstl 
site is located close to the N terminus (codon 41) in the 
putative protein. We need further studies to clarify these 
undefined problems. 

None the less, the fact that the tentative GST1 protein, 
one of the essential genes for G r to-S transition, contains 
a potential A-kinase target site and GTPase domain would 
help in the analysis of the cell-cycle-specific events in 
eukaryotic cell proliferation. We are currently attempting 
to establish these findings biochemically and to see how they 
are regulated with respect to the cell cycle. 
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Materials and methods 

Strains and genetic f n u n ipidMtions 

Ecctf JA221 (Beggs, 1978) was used far propagating plasmids and JM 105 
for M13 phage growth (Davis era/.. 1986). The strains of S.cerevisiae used 
in this study are the following: YK642, a ste adel leu2 uroJ trpl his3 
cir°\ (Kikuchi, 1983); C5674-3B, a trpl arg4 /vj7; YK2UJ2, a gstl-1 
uraStrplhis3 (YK642 gstl-I x C5674-3B); YK21-Q3, a gstl-1 uroJ trpl 
lcu2 adel arg4 (YK6-42 gstl-1 x C5674-3B); XMF2-28, a seel -I trpl 
(Nishiiawa); XMF9-10, a *ec5-24 fip/ (Nishizawa); XMF3-6, or sec7-l 
trpl (Nishizawa); DBY747, a rds3 ura3 tea trpl (Matsui); YNN27, a 
trpl uroJ gaQ (Matsui); C5051-3D, a Ms4 lai2 thr4 tys7\ YK32-2C, a 
gstl-1 leu2 tys7thr4his (YK21-Q2 x C5051-3D); SR672-1, a cdc37-l ural 
cyh2 gaQ; 124, a cdc7-l. The ede mutants were derived from Yeas? Genetic 
Stock Center at Berkeley. 

Media, methods of mating, tetrad analysis and isolation of o° strains 
were as described by Sherman et al (1986). For o-fector tre a tme nt , the 
cells were grown in YPD (pH 4.0) and 40 pg/mJ at-factor (Peptide Institute, 
Japan) were added at a cell density of 2 x l0 7 /ml. 

Plasmids end trans forms tion 

The YEp24 library was kindly provided by D.Botstein. Total DNA was 
partially digested with the restriction enzyme &zu3A and the fragments were 
inserted into the BamHl site of YEp24 (Botstein et al . 1979). Vectors us- 
ed in this study were YCpSO (Kuo and Campbell, 1983), YIpS (Scherer 
and Davis, 1979), YR p i6 and YCpl9 (Sorchcomb et al , 1982), pJDB219 
(Beggs, 1978) and pTZ18R (Pharmacia). Plasmid DNA was prepared as 
described previously (Kikuchi and Toh-e, 1986). Yeast transformation was 
performed by alkali ion method (Ito et al. , 1983). When linear DNA was 
used, tRNA (Sigma) was added as a carrier. 

Isolation of gst1 mutant 

The original aim of the mutant selection was to isolate ts mutants in which 
proteins acting on the centromere were defective, as described in the Intro- 
duction. For this selection procedure, the following plasmids were con- 
structed. Plasmid pYK2068 was made by inserting the 2.4-kb Bgtll fragment 
contaming CEW of YCpl9(Stinchcombef a/., 1982) into the BamHl she 
of pJDB2l9. Plasmid pJDB2l9 harbored the entire yeast 2 p-plasmid 
sequence (but the FLP gene was destroyed) on pMB9 vector along with 
a partially defective LEU2 as a selective marker (Beggs, 1978). Since the 
5' upstream region of the LEU2 was defective, the expression of Leu + 
phenotype was so low that transformants were Leu positive only when cells 
contained multicopies of this plasmid (Erhart and HoUenberg, 1983). Plasmid 
pYK2090 was constructed by inserting the same BglU fragment of YCp 1 9 
containing CEN4 into pYK2029 which carried the FLP gene and URA3 
as a selective marker as described in Kikuchi (1983). 

The yeast strain YK642 was mutagenized with ethyl methanesulfonate 
(8% survivals), grown in a minimal medium and cells were transformed 
with both plasmids pYK2068 and pYK2090. After 6 days of incubation 
at 34°C. -8000 Ura + Lcu + transformants were obtained. Most colonies 
were very tiny but 27 were relatively large. Fourteen out of 27 clones were 
is mutants. One of these ts mutants was crossed with a wild-type strain 
C5674-3B, and YK2I-02 and YK21-03 carrying the gstl-1 allele were ob- 
tained. 

Assays for macromohcular synthesis 

The procedure for the measurement of DNA and protein synthesis was essen- 
tially as described by JormstOT awl 

continuously labeled with 20 pCi/ml [5,6- 3 H]uracil (46 Ci/mmol; Amer- 
sham) or 6 n€i/ml l 35 S]niemiomne (300 Ci/mmol; Amersham) in YPD 
medium, supplemented with 20 jig/ml adenine. 

DAPI staining of nuclear DNA 

Samples of 1 ml of o° cells were removed at various times from a culture 
grown at 36°C (i.e. the non-pemussrve temperature). The cells were col- 
lected by centrifugation, washed once with 25% ethanol, IS mM MgCl2 
and suspended in the same solution. They were allowed to fix at room 
temperature for at least 30 mm and washed twice with cold water by cen- 
trifugation. The fixed cells were suspended in 0.5 pg/ml DAPI (4',6'-di- 
amiauK^2-prieny lindole , Sigma) in water and viewed through an Olympus 
DApo 100 UV tens on an Olympus BH2 nucroscope equipped for 
ephluorescence, and photographed with Kodax Tri-X film. 

Orthogonal fiak^attsmation gal alaetrv p hora si s (OFAGE) 
The samples of yeast DNA were prepared by the embedded-agarose pro- 
cedure described in Carte and Olson (1985). We designed and used a 
simplified model of the apparatus for OFAGE (Carle and Olson, 1984). 



The DNA samples were ckctrophorcsed through 13% agarose gel 
(10 x 10 cm) in 45 mM Tris, 45 mM boric acid and 03 mM EDTA 
(pH 8.0), at 200 V with a switching interval of 50 1, for 20 h at I4°C. 
The gel was stained with 0.5 pg/ml etmdium bromide, extensively washed 
with deionized water and photographed on a UV trantffhirnmsttr. 

Southern and Not them analysts 

Southern blotting analysis was performed as described previously (Kikuchi, 
1983) except that the labeled probe was prepared with pPJdCTP using 
the Miiltiprime™ DNA labeling system (Amersham). For Northern 
analysis, total RNA was prepared as described by Mamatis et al (1982). 
The RNA sample was incubated wtih 50% a^medr/tsulfoxide, 10 mM 
sodium fN*r*"*» (pH 7.0), 1 M glyaxal at 50°C for 60 mm. Then the 
sample was fractionated by 1.1% agarose gel electrophoresis in 10 mM 
sodium r***f Afl t ft (pH 7.0). Without any pietiemuent, the gel was blotted 
to nitrocellulose filters. The bands of ribosomal RNAs were visualized by 
ethidium bromide staining and used as size markers. 

DNA sequencing 

Nucleotide sequences were determined by the dideoxy chain-tennmation 
rnethod (Sanger et al , 1977) using an Ml3-sequencing kit (Takara Sbuzo 
Co. , Kyoto). DNA fragments were cloned into M13 mpl8 or mpl9. Reaction 
products were resolved by electrophoresis through 8% acrybmkfe gels under 
denaturing conditions. 
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SUP2(SUP35 ) is an omnipotent suppressor gene, coding for an EF-Io-like protein factor, intimately involved in the 
control oftranslational accuracy in yeast Saccharomyces cerevisiae. nf ,k. 

In the present study a SUP2 gene analogue from yeast Pichia pinus was isolated by complementation of the 
lemoerature-sensilive rep.? mutation of S. cerevisiae. . 

5 cerevisiae by 6 kDa. Like the SUP2 gene product of 5. cerevisiae, theSup2 protein of P. pinus represents a fusior i of a 
unique N-terminal pan and a region homologous to EF-lo. The comparison of aimno^ 

proteins reveals high conservation (76%) of the C-terrainal region and low conservation (36%) of the N-termmal part 
where, in addition, the homologous correspondence is ambiguous. K i~„;«„ 
Proteins related to theSup2 of 5. cerevisiae were found in P.pinusznd some otheryeast species by the immunoblotting 

l *Selation between the evolutionary conservation of different regions of the Sup2 protein and their functional 
significance is discussed. 

key words - Omnipotent suppressor; gene structure; evolutionary conservation; codon bias analysis; Pichia pinus:, 
yeast. 



INTRODUCTION 

Among the genes involved in the control of trans- 
lation^ accuracy in yeast S. cerevisiae, the SUP2 
gene is one of the most thoroughly studied. 
Mutations in this gene are able to suppress all three 
types of nonsense mutations and give rise to a variety 
of pleiotropicefTecU,such as temperature sensitivity, 
paromomycin sensitivity and respiratory deficiency 
(reviewed by Surguchov et a/., 1984). Mutations 
with similar properties have also been obtained by 
other authors, as omnipotent suppressors sup35 
(Hawthorne and Leupold, 197.4), supP (Gerlach, 
1975), frameshift suppressors sufll (Culbertson 
et ai, 1982) and allosuppressors sal3 (Cox, 1977). 
At present all these genes, except for the SVPP, are 
cloned and the SUP2 and SUFJ2 genes are 
♦Author to whom correspondence should be addressed. 

074^-503X/90/06046!-I2$06-00 
- © 1990 byJohnWiley & Sons Ltd 



sequenced. A comparison of their restriction maps, 
nucleotide sequences and complementation proper- 
ties has shown that these genes are identical 
(Kushnirov et a/., 1988; Wilson and Culbertson, 
1988; Tuite et a/., 1988). Recently a mutation 
blocking transition from Gl to S phase of the cell 
cycle was obtained in the GST1 gene. The data on its 
localization and nucleotide sequence have shown its 
identity to the SUP2 gene (Kikuchi et a/., 1988). 

Analysis of the nucleotide sequence of the SVP2 
gene (Kushnirov et a/., 1987, 1988; Wilson and 
Culbertson, 1988) revealed a significant homology 
to the translation elongation factor EF-lo, suggest- 
ing that its product represents a previously unidenti- 
fied factor of translation. It is supposed from codon 
bias analysis that the Sup2 protein is much less 
abundant in the cell than ribosomal proteins or 
EF-la. The Sup2 protein is essential for viability 



462 V. V. KUSKNIROV ETAL. 



SUP2P 

















M 




M 




M M 




HI 


H 










X TJ 


. c 


cH 


c 


0 c 


a 




a 


U w 




0 




W X 


i 


■ A 


i 





200 bp 



Figure I. Restriction map and sequencing strategy for the insert of P. pinus chromosomal DNA in plasmid pTR30-l containing the 
SUP2 gene analog. The position and orientation of the open reading frame is represented by an arrowed open bar. Small arrows 
indicate the direction and extent of sequence determination on individual clones. Not all sites for SaulA\ and Hha\ are shown. 



and is not interchangeable with EF-la. Though its 
function is not established, both involvement in pro- 
tein synthesis and participation in transition from 
Gl to S may account for its indispensability to the 
cell. 

We were interested in determining the conserva- 
tive elements in the SUP2 gene and evaluating its 
evolutionary conservation. For this purpose, the 
functional homologue of the SUP2 gene from the 
methytotrophic yeast Pichia pinus, taxonomically 
distant from S. cerevisiae (Kreger-van Rij, 1984), 
was cloned and sequenced. The comparison of 
deduced amino acid sequences of the Sup2 proteins 
of 5. cerevisiae and P. pinus reveals strong con- 
servation of the region homologous to EF-la, 
especially on the stretch presumably involved in 
GTPand aminoacyl tRNA binding. The homology 
level of N-terminal regions, on the contrary, was 
found to be low. 

MATERIALS AND METHODS 
Strains and genetic methods 

The following strains were used: 5. cerevisiae 
33G-D373 (MATa. ade2-144J17, pheAW, his7-l. 
\ys9-A21, leu2-3.ll 2 1 ura3-52, trpl-289), R183-33G- 
D373 (sup2-183 (Ts) mutant of 33G-D373) and 
8H8 (MatB/Afata. leu2-3M2\leu2-3M2. ura3-52/ 
ura3-52, his3-M /his3-Al , trpl-289/ trpl-289, 
SUP2fsup2::URA3); £. coli HB10I and JM103; P. 
pinus MH4 (wild type). £. coli cells were trans- 
formed as described by Hanahan (1985); transform- 
ation of 5. cerevisiae was performed according to 
Ito et al (1983). Standard methods of yeast genetics 
(Sherman et al, 1986) were used. The SUP2 gene of 



5. cerevisiae in the present work is designated as 
SUP2S and its homologue from P. pinus as SUP2P, 

Construction of genomic library of P. pinus 

Chromosomal DNA of P. pinus was .partially 
digested by restriction endonuclease Sa«3A. Frag- 
ments of 5 to 15 kb were isolated and inserted in 
vector YEpl3 (Broach et al. 9 1979), which was 
cleaved by BamHl and treated with alkaline phos- 
phatase. Ligation mixture was used for transform- 
ation of E. coli HBI01 and approximately 2 x IQ 4 
colonies were obtained. Plasmid DNA was isolated 
from the mixture of these colonies and used for the 
cloning of the SUP2P gene. 

RNA analysis 

Total yeast RNA was isolated and fractionated 
on 11% agarose gel containing formaldehyde 
according to Sherman et al. (1986), transferred to a 
Zeta-Probe membrane (Bio-Rad Laboratories) and 
hybridized under conditions recommended by the 
membrane manufacturer. RNA blots were probed 
with single-stranded recombinant MI3 phages 
labeled by extension of hybridization probe primer. 
Three M13 clones were used containing: (1) Bcnl- 
Xbal fragment including the entire SUP2S gene 
with 200 bp 5' and 3' flanking regions, (2) Bcnl-Hpal 
fragment including N-terminal A and B regions of 
the SUP2S gene (see Figure 5) and (3) I -5 kb £coRI 
fragment of the SUP2P gene. 

DNA sequencing and analysis of the sequence 

Restriction fragments of the SUP2P gene were 
recloned in plasmids pT218/19R (Pharmacia). The 
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Figure 2. ImmunoWol Analysis of different yeasi species. Using rabbit anti- 
sera to the fusion protein of SUP2S and 0-galactosidasc. cell lysates of the 
following yeast species were analysed: (1 ) Hansenula polymorph^ (2) Candida 
mattosa: (3) Candida ulitir, (4) Kiuyveromyces tactis; (5) S. ccrerisior. (6) /». 
pinux' (7) S. cerevisiae haploid segregant containing SUP2S gene disrupuon 
and SU WPgene onpTR30-l plasmid; <8) same, as (7), but with intact S UP2S 
gene. 



single-stranded form of the plasmids was obtained 
after superinfection with MI3K07 phage of E. 
coli strain JM 103 carrying these plasmids and used 
for sequencing by the dideoxy method of Sanger 
et aL (1977). Analysis of the nucleotide and amino 
acid sequences was accomplished with the use of 
the Microgenie® software package (Beckman 
Instruments). 

Immunobiot analysis 

Rabbit antiserum against fusion protein of Sup2S 
and (i-galactosidase purified from E. coli was used 
(Didichenko et a!., submitted). Yeast whole-cell 
extracts were prepared as described by Last and 
Woolford (1986). Denatured proteins were separ- 
ated on 7% polyacrylamide gel containing SDS 
(Laemmli, 1970) and electrophoretically transferred 
to nitrocellulose sheets (Towbin € t at., 1979). 
Antigen-antibody reactions and visualization of 
those complexes with peroxidase-coupled goat anti- 



rabbit serum were carried out as described by Allis 
era/. (1984). 

RESULTS AND DISCUSSION 

Cloning of the SUP2 gene of?, pinus 

S. cerevisiae strain RI83-33G-D373, carrying the 
sup2 mutation temperature sensitive to 36°C, was 
transformed with the genomic library of P. pinus. 
Transformants prototrophic for leucine were 
obtained at 20°C and then transferred to 36°C. 
Among several thousands of transformants, 30 
colonies able to grow at non-permissive tempera- 
ture (Htr) were selected. Six of them lost Htr pheno- 
type at non-selective medium concurrently with the 
plasmid marker LEU2 t indicating that temperature- 
sensitivity depends on the presence of plasmid in 
these cases. 

Plasmid DNA was isolated from two Htr trans- 
formants. Both plasmids carried inserts identical in 
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Figure 3. Identification of SUP2 transcripts. 20 \xg of total 
RNA of P. pinus (lane I) or 5. cerevisiae (lanes 2 and 3) were 
analysed by Northern blot hybridization using the M 13 probes 
carrying: l-5kb EcoKl fragment of the SUP2P gene (lane 1), 
BcnUHpal fragment containing the N-terminal part of the 
SUPJS&nc non-homologous to EF-lu (lane 2). Bcnl-Xbat frag- 
ment including the entire SUP2S$enc with 200 bp 5' and 3' flank- 
ing regions (lane 3). Positions of ribosomal RNAs are indicated 
as size markers. 



size (4*5 kb) and restriction map (Figure 1). One of 
these plasmids, designated pTR30-l, was used in 
further work. 

Functional analysis of the cloned DN A fragment 

To check the ability of the cloned DNA frag- 
ment to substitute functionally for the gene, 
diploid 8H8 heterozygous for sup2::URA3 allele 
(Ter-Avanesyan et aL 1989) was transformed with 
pTR30-l plasmid. One of the transformants was 
subjected to tetrad analysis. Six tetrads, where the 
plasmid was lost, segregated 2:2 for viability, which 
is typical for diploid 8H8; besides, there were no 
viable Ura + spores (containing sup2 disrupted 
allele). In 17 out of 19 tetrads carrying the plasmid, 
all four spores were viable and segregated 2Ura+: 
2Ura*. Two tetrads had each three viable spores, 
one of them being Ura*. One of the Ura* haploid 
clones was analysed using the Western blot tech- 
nique (Figure 2). One can see that in this clone the 
Sup2P protein band is present, while the Sup2S 
band is absent. Thus, plasmid pTRJCM is able to 
maintain viability of S. cerevisiae cells in the absence 
of the functional Sup2S product and, therefore, it 
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contains a gene that is functionally equivalent to 
SUP2S gene. 

It was shown recently that plasmid-mediated 
amplification of the wild-type SUP2S gene leads to 
suppression of all three types of nonsense mutations 
in S. cerevisiae (Chemoffef al. t 1988). The relation 
between the mechanisms of this phenomenon and 
the suppressor effect of the sup2 mutations is not 
clear yet. Multicopy plasmid pTR30-l carrying the 
wild-type allele of the SUP2P gene is also able to 
cause suppression of nonsense mutations in S. 
cerevisiae, although less efficiently than plasmids 
with the SUP2S gene. Fn particular, pTR30-l causes 
suppression of ochre mutations hisl-l and lys9-A2J 
in the strain 33G-D373. Growth of transformants of 
this strain with plasmid carrying the SUP2S gene, 
on media without histidine at 30°C, was seen on the 
6th day, while transformants with ptasmid carrying 
the SUP2P gene grew on this media on the 1 1 th day. 

Transcripts of the SU P2 genes 

Two transcripts were found for the SUP2 gene 
in both S. cerevisiae and P. pinus, with the larger 
transcripts being five to ten times more abundant 
than the smaller ones (Figure 3). The larger 
transcript of SUP2S is 2-3 kb long and includes a 
complete coding sequence of the gene (Kushnirov 
et aL, 1988). Probably, the same is true for the 
2-6 kb transcript of SUP2P. Smaller transcripts 
of both SUP2S and SUP2P have a size of 14 kb. 
These mRNAs are not the transcripts coding for 
EF- la, which have approximately the same size and 
51% homology to the SUP2, since they were 
observed even at high stringency hybridization, 
when the SUP2PISUP2S cross-hybridization (76% 
homology) was not detected. The I -4 kb mRN A of 
SUP2Sdoes not hybridize to a probe containing the 
entire N-terminal part of the gene non-homologous 
to EF-la. The size of the region homologous to 
EF- 1 a is around 1 3 kb for both SUP2S and SUP2P 
genes. Therefore, we suggest that only this region is 
included in 14 kb RNA in both SUP2S and 
SUP2P. 

Nucleotide sequence of the SUP2P gene 

A set of restriction fragments of the SVP2P gene 
from plasmid pTR30-l was recloned into vector 
pTZ18/19R and sequenced by the dideoxy method 
of Sanger et aL (1977) (Figure 1). The sequence 
obtained (Figure 4) contains a single long open 
reading frame of 2223 bp able to code, for a protein 
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Table I . Codon usage in SUP2 genes 
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The SUP2 genes of P. pinus and 5. cerevisiae are designated as 'P* and S\ respectively. Codons. 
preferred in highly expressed S. cerevisiae genes, are underlined. 
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Figure 5. Schematic representation or the predicted primary structures or the SUP2 proteins of P. pinus and S. cerevisiae. 
Each of the proteins may be divided into three regions: A. B and E, beginning from the first, second and third methionine in the 
sequence, respectively. Region E is homologous to the entire translation elongation factor EF-la. Regions A and B are 
distinguished by unusually limited and different amino acid compositions (Table 2). The scale below the scheme is in amino 
acids. . 



of 82 367 Da. This exceeds the mass of the Sup2S 
protein by 5822 Da. 

The 5'-flanking region contains three TATAA- 
like elements, located at position -155(TATATT) f 
-65 (TATTA) and -39 (CATAAA) with respect to 
the initiating ATG. In the SUP2S gene, this element 
is located in position -104 (TATATT). 

Immunoblot analysis ofSupl proteins 

Cell lysates of different yeast species were studied 
by the immunoblotting procedure with polyclonal 
antiserum to fusion protein Sup2S-P-galactosidase 



(Figure 2). An immunoreactive band of 79 kDa was 
observed in 5. cerevisiae, and a band of 84 kDa in 
P. pinus. These values correspond well to calculated 
masses of the Sup2S and Sup2P proteins: 76*5 and 
824 kDa, respectively. Proteins that react with anti- 
Sup2S antibody have also been observed in other 
yeast species. In contrast to S. cerevisiae and />. 
pinus, more than one major band has been observed 
in Candida utilis, Candida maltosa and Kluyvero- 
myces lactis. The reason for the existence of the mul- 
tiple bands has not been established. However, it is 
possible to suggest that most of them are related to 
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A 
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35 
50 

685 



Amino acid composition of regions A. B, E and the entire protein is shown for the predicted Su P 2 gene products of P. pinus and 
S. cerevisiae. The unusually high content of some amino acids is underlined. 



the SUP2 gene, since the specificity of the antibody 
is sufficiently high and unrelated proteins are not 
stained in S. cerevisiae and P. pinus. The additional 
bands in C utilis and C maltosa are located around 
50 kDa and thus may correspond to short SUP2 
transcripts, similar to 1*4 Kb transcripts found in 
S. cerevisiae and P. pinus (see above and Figure 
3). Bands at the level of the Sup2S protein are 
observed in all analysed yeasts, except for Hansenula 
polymorpha. We suggest that these bands represent 
full-sized Sup2 proteins of particular species. 

Codon usage 

Codon usage in the SUP2P gene is similar to that 
of the SUP2S gene (Table 1). One can see that the 
same codons are preferably used in this gene as in 
highly expressed 5. cerevisiae genes (Bennetzen and 
Hall, 1982). A single exception may be Leu for 
which codon TTA is more frequent in SUP2P, 
whereas in 5. cerevisiae TTG is preferred. The 



codon adaptation index of the SUP2P gene cal- 
culated with reference to the highly expressed S, 
cerevisiae genes, according to Sharp and Li ( 1 987), is 
0-43 in comparison with 0-33 for the SUP2S gene. 
Codon bias is not uniform along the length of the 
SUP2 genes. For regions A, B and E of SUP2S (see 
below for the structure of the SUP2 genes), the 
codon adaptation index equals 0-22, 0*30 and 0*37, 
respectively, and for regions A, B and E ofSUP2P t 
it is 0-28, 0-39 and 0*51. A possible explanation for 
the higher bias level of regions E is their origin from 
a highly expressed gene, coding for EF-la. 

Codon usage in the SUP2P gene is quite different 
from that observed in another methylotrophic 
yeast, Hansenula polymorpha (Janowicz ei al, 1 985; 
Ledeboer et aL> 1985), though both species are 
believed to be closely related (Kurtzman, 1984). H. 
polymorpha also looks different from P. pinus and S. 
cerevisiae, when analysed with anti-Sup2S antibody 
(Figure 2). 
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Figure 6. Dot-matrix comparison of Sup2 proieins of S. crrerisiae and P. pinur. (A) Sup2P with itself: (B) Sup2S and Sup2R Each 
dot represents eight exact matches in a window or 20 amino acids. The begmmngs of reg,ons B and E (see F.gure 5) are marked by 
arrows. 



Structure of the Sup2 proteins 

The analysis of the Sup2S sequence revealed that 
the first three methionines divide it into three regions 
differingsharply in amino acid composition and pre- 
dicted secondary structure. The third methionine 
begins a region homologous to EF- 1 a. Remarkably, 
the second and third methionines are conserved in 
the Sup2P protein and divide it into three regions, 
similar to those of the Sup2S in their properties 
(Figure 5, Table 2). 

Region A includes amino acids 1-161 in Sup2P or 
1-123 in Sup2S and is characterized by an abundance 
of Asn, Gin, Tyr and Gly, together making 68% in 
Sup2P and 78% in Sup2S. Secondary structure 
analysis according to Gamier e\ a!. (1978) predicts 
the existence of a beta structure, but not of an alpha 
helix. 

Region B includes amino acids 162-31 1 in Sup2P 
or 124-253 in Sup2S and is rich in charged amino 
acids, Lys and Glu, together constituting around 
35% in each protein. Secondary structure analysis 
predicts long alpha helical stretches and the absence 
of beta structure. 

Region E includes amino acids 3 1 2-74 1 in Sup2P 
or 254-685 in Sup2S and is homologous to EF-la. 



All amino acids are represented here without any 
significant bias and all types of secondary structure 
are encountered. 

A characteristic feature of regions A and B, dis- 
tinguishing them from region E, is the presence of 
short repeating sequences with high or low levels of 
homology. Their location in the Sup2P protein may 
be revealed by dot matrix analysis (Figure 6A). It is 
obvious that these repeats make up a larger part of 
region A and a significant part of region B. 

A cDNA sequence of the human homologue of 
the SUP2 genes, GSTl-Hs % has been reported 
recently (Hoshino et a!. f 1989). The C-terminal part 
of the predicted Gstl-Hs protein is homologous to 
EF-la, while the N-terminal part of 67 amino acids 
is unique. The N-terminal part of Gstl-Hs is rich in 
glutamic acid, thus resembling region B of the Sup2 
proteins. 



Homology of the Sup2 proteins 

The alignment of amino acid sequences of the 
proteins Sup2P, Sup2S (Kushnirov et a/., 1988), 
human Gst 1 -Hs (Hoshino et at., 1 989) and EF- 1 a of 
S. cerevisiae (Nagashima et ai. 9 1986) is presented 
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in Figure 7. One can see that the G terminal part 
homologous to EF-la is conserved in the first three 
proteins. The yeast Sup2 proteins are 76% homolo- 
gous in this region, whereas their homology to the 
human Gstl-Hs is around 57%. These values sig- 
nificantly exceed homology of each of these proteins 
to EF-la (around 36%). This affirms that the yeast 
Sup2 proteins and human Gstl-Hs belong to a 
single protein family, distinct from the EF-la 
family. The conservation of the Sup2 proteins is 
somewhat lower than that of EF-la. For compari- 
son, homology of EF- la of 5. cerevisiae with EF- 1 a 
of fungus Mucor racemosus (Linz et al. y 1986) 
amounts to 855% and with EF-la of man (Brands 
etaL 1986) to 81-7%. 

The highest conservation is observed in the region 
of amino acids 312-478 in Sup2P and 254-420 in 
Sup2S: 90% of exact matches or 100% with con- 
servative substitutions (Dayhoff, 1978). This 
region corresponds to highly conservative GTP and 
aminoacyl-tRNA binding domains of EF-la. A six 
amino acid sequence, identified by Kikuchi et al. 
(1988) as a potential target site of cAMP-dependent 
protein kinase (amino acids 337-342 in Sup2S, 
Figure 7) is identical in the Sup2S and Sup2P pro- 
teins. The corresponding sequence in EF-la differs 
from Sup2 in four amino acids out of six. 

The N-terminal regions A and B are distinguished 
by the lowest conservation — 36%— and the length 
of these regions differs significantly in the two Sup2 
proteins. Moreover, the homologous correspon- 
dence is ambiguous here. To establish the cause of 
the ambiguity, two random amino acid sequences 
were generated from the N-terminal Sup2S and 
Sup2P sequences by randomly moving each amino 
acid within ten residues from its original position. 
The new sequences have shown 29% homology 
upon alignment. Thus, the matches of N-terminal 
sequences of the Sup2 proteins are mainly due to 
conservation of their very limited amino acid com- 
position and this is the reason for ambiguous con- 
formity of the sequences. The per cent of matches 
along regions A and B is close to that of the 
randomized sequences, with the exception of the 
three fragments: the repeating structure in region 
A,- the beginning and the end of region B (amino 
acids 55-88, 124-160 and 231-253 in the Sup2S 
sequence). These fragments are comparatively more 
conservative (44%, 52% and 70%, respectively) and 
match each other unambiguously in the Sup2S and 
Sup2P sequences. 

A dot matrix comparison of the Sup2 proteins 
illustrates the character of similarity of their differ- 



ent regions (Figure 6B). In the C- terminal part the 
homology is represented by a single straight line. In 
the N-terminal part the homologous stretches are 
short and non-colinear. 

A comparison of the yeast Sup2 proteins with 
human Gstl-Hs also demonstrates high variability 
of their N-terminal part. This part of the Gstl-Hs is 
much shorter — only 67 amino acids long— and is 
not homologous to the Sup2 proteins (with the 
exception of the stretch of 20 residues, adjacent to 
the EF- la-like region. Figure 7). 

Non-conservation of repeating fragments 

Regions A and B of the Sup2S protein include a 
number of short repeats, the most significant of 
which is a sequence Gln-Gly-Gly-Tyr-Gln-(Gln)- 
Gln-Tyr-Asn-Pro repeated about four times in 
succession (amino acids 57-101. Figure 7) with a 
high level of conservation (93%). Corresponding to 
these repeats in the Sup2P protein are irregularly 
repeated pentapeptides Asn-Gln(Arg)-Gly-Gly- 
Tyr. In region B of Sup2P there is a contiguous 
repeat often amino acids with low levels of conser- 
vation (amino acids 204-243, Figure 7). The corres- 
ponding region of Sup2S is not organized in the 
repeating structure. Thus, repeats are not an indis- 
pensable and evolutionary conserved feature of the 
Sup2 sequences, but probably represent only 
preferable forms of structural organization. 

Functional role and conservation of different regions 
o/SUP2 genes 

The comparison of the two Sup2 proteins 
revealed a high conservation level of region E 
(homologous to EF-la), whereas the homology of 
N-terminal parts was found to be low. 

Recently we have established by deletion analysis, 
that the N-terminal part of the Sup2S protein up to 
Met-254 is not essential for viability (Kushnirov 
et al. y in press). At the same time, the region homolo- 
gous to EF-la is essential and sufficient for viability. 
Thus, one can find a correlation between functional 
importance and conservation of the structure: the 
vitally important part of the Sup2 protein is highly 
conserved, while the region that is non-essential for 
viability possesses low conservation. 
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SUFi2 Suppressor Protein of Yeast 

A Fusion Protein Related to the EF-1 Family 
of Elongation Factors 
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Mutations at the sufl2 locus were isolated in Saccharomyces cereuwtoe as extragenic 
+1 ieshift mutations in glycine (GGX) and proline (OCX) codons as well 
asUGA and UAG nonsense mutations. To identify the SUF12 function in trans lation nd to 
understand the relationship between ^-mediated misreading and .^^lational 
frameshifting, we have isolated an SUF12+ clone from a centromenc plasmid library by 
complementation. SUF 12* is an essential, single-copy gene that .s identical with the 
omnEnt suppressor gene SUP35+. The 2-3x 10* base SUF12* transcript contains an 
opTn reading frame sufficient to encode a 88 x 10> M, protein^ The pattern of codon usage 
and transcript abundance suggests that SUF12+ is not a highly expressed gene. 

TheTear P SUFT 2 amino Icid sequence suggests that SUF 12 has evolved as a fusion 
protetn of unique N-terminal domains fused to domains that exh.b. essentially co^near 
homology to the EF-1 family of elongation factors. Beginning internally at amino acid 254 
homolog is more extensive between the SUFI 2 protein and EF-la : of ye^t (36% .dent.ty 
65% with conservative substitutions) than between EF-la of yeast and EF-Tu , of 
bJLSL. coli. The most extensive regions of SUF12/EF-1« homology ™ 
that have been conserved in the EF-1 family, including domains involved in GTP and 

tR ufs cie n a d rthat SUFI 2 and EF-la are not functionally equivalent, ™« bo * ™ "T^J 
in vivo The N-terminal domains of SUFI 2 are unique and may reflect, n part, the 
functional distinction between these proteins. These domains exhibit unusual ammo acid 
composition and extensive repeated structure. . mi „, n( , v 

The behavior of mfl2-nulllSUF12+ heterozygotes indicates that rn/ 2 i '^onwnanUy 
expressed and suggests that su/12 allele-specific ^W^.^^^^T^ 
distinct mutant proteins rather than variation in residual wild-type SUF12 activity, we 
propose a model of ^nwdiated frameshift and nonsense suppression that ,s based on a 
primary defect in the normal process of codon recognition. 

1 Introduction methytransferase specific for 16 S ribosomal RNA 

1. introaucnon ^ ^ m4) Translational SU pp re ssors 

Genetic analyses of translational frameshift that are [j m j teo - to frameshift suppression have not 

suppressors in Escherichia coli indicate that defects be(jn identified. These observations suggest that the 

in the translational machinery that result in trans ] a tional reading frame is determined by 

translational frameshifting are also associated with co d 0 n-anticodon interactions (Lipmann, 1969; 

errors in codon recognition. Translational Qaber & Cu ib e rtson, 1984; Curran & Yarus, 1986) 

suppressors of frameshift and nonsense mutations &nd mainta i ne d by the accuracy of tRNA selection, 

include the S4 ram mutant (ribosomal ambiguity Jn E cqU trans i a tional accuracy is dependent on 

mutations; Atkins et al, 1972), the supK tRNA r ibosome : ternary complex (aminoacyl-tRNA • EF- 

methylase mutant (Atkins & Ryce, 1974), and the Xu-GTP) interactions. According to the "Internal 

ksgA mutant, which is defective for a g tan dard Hypothesis" (Thompson et al., 1986), the 

. relative rates of EF-Tu • GDP and aminoacyl-tRNA 

disassociation from the ribosome are the critical 
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influence translational accuracy. Consistent with 
this model, altered forms of EF-Tu (Vijgenboom et 
al., 1985; Tapio & Kurland, 1986) as well as the 
ribosomal proteins required for efficient GTP 
hydrolysis (Kirsebom & Isaksson, 1985) and 
ternary complex binding (Changehien et al., 1978) 
have been identified as nonsense suppressors. 

The molecular mechanisms that control transla- 
tional accuracy in eukaryotes are not as well 
characterized as those of E. coli (Moldave, 1985). 
However, it is clear that aminoacyl-tRNA is 
delivered to the eukaryotic ribosome in a ternary 
complex with EF-la, the functional analogue of 
EF-Tu, and GTP. The most extensively studied 
fidelity mutants in eukaryotes are the 
"omnipotent" sup35 and sup45 suppressors of 
Saccharomyces cerevi&iae. These mutations were 
isolated as recessive, non-specific nonsense 
suppressors (Hawthorne & Leupold, 1974) and are 
probably allelic to sup2 and supl (Surguchov et al., 
1984), and supP and supQ (Gerlach, 1975), 
respectively. The SUP45+ gene encodes an 
essential 49 x 10 3 M r acidic protein that is 
probably not present in amounts stoichiometric 
with the ribosome (Himmelfarb et al., 1985; 
Breining & Piepersberg, 1986). SUP45* transcrip- 
tion appears to be co-ordinately regulated with the 
transcription of other genes of the translational 
machinery (Himmelfarb et al., 1985; Breining & 
Piepersberg, 1986). Although genetic and molecular 
analyses suggest that SUP45 is a component of the 
translational machinery, the function of this 
protein in translation is not clear. 

In previous studies of frameshift suppression in 
the yeast S. cerevi&iae, su/12 mutations were 
isolated as extragenic suppressors of + 1 frameshift 
mutations in either glycine (GGX) or proline (CCX) 

Table 1 

Yeast and bacterial strains used 



Genotype 



Source 



Yeast strains 

S288C a: CUP1, gall, mall, SUC2 

PW108-4C a:kis4-713.leu2-3,met2-l, 

su/12-3, uraS-52 
PW118-22A a: leu2-3 t met2-l, trpl-l, tys2-l, 

hom2, arol, ura3-52 
PW145 a/a: Itu2-3\ltu2-l , Ieu2-I12, 

mtt2-l\mel2-l. trpl-]ftrpl-&. 
■ lys2-l\ + , hom2\ + , arol I + . 

ura3~52lura3-52, his4-7J3f + 
PW 145-3C a: su/12 : : LEU 2* . Itu2*3 or 

leu2-3, Ieu2-U2, arol hom2, 

uto3-52, met2-J, [pPWE.RX] 
PY39 a: Uu2-3, trpl-b, ura3-52 

SL797-2C a: met2l, leu2 l, aro7-l, lrpl-1, 

lys2-2 ura3-52. His', sup35-4 



R. K. Mortimer 
This study 

This study 

This study 



This study 



P. Leeds 
S- Liebman 



Bacterial strains 



6507 



JM109 



tec A, pyr23 : : Tn5, kan', pro", D. Botstein 

leu " , , r k ~" 
Mac-pro A B, relA 1 , recA 1 , J - Messing 

cndAX.gyrAM, h$dR\l, 

supE44, thi, [F*raZ>36, 

proAB, loci*, lacZMd 15] 



codons (Culbertson et al., 1982). Further genetic 
analysis indicated that these suppressors are not. 
limited to frameshift suppression, since su/12 alleles 
also suppress UGA and UAG nonsense mutations. 
Genetic mapping suggested that su/12 may be 
allelic to sup35. Suppression is recessive but varies 
with the allele of su/12 examined, suggesting that 
the su/12 defect is not a simple loss of function. 

To understand the role of the SUF12* gene 
product in codon recognition and maintenance of 
the translational reading frame, we have isolated 
the SUF12* gene by complementation. The 
SUF12+ gene is an essential, single-copy gene that 
is allelic to SUP35 + . Our results suggest that 
SUFI 2 is a soluble factor that has evolved as a 
fusion protein of unique N-terminal domains fused 
to domains related to EF-la. 

2. Materials and Methods 

(a) Materials 

Acrylamide, bisacrylamide, formamide, urea and the 
17-base bacteriophage M13 universal primer were 
obtained from Bethesda Research Laboratories (BRL). 
Formamide and glyoxal were deionized with AG501-X8D 
mixed -bed resin from Bio-Rad. Deoxy- and dideoxy- 
nucleo tides used in DNA sequence analysis were from PL 
Biochemicals. Other nucleotide triphosphates were 
purchased from International Biotechnologies, Inc. The 
remaining chemicals were obtained from Sigma. Restric- 
tion endonucleases, E. coli DNA polymerase I Klenow 
fragment, and bacteriophage T4 ligase were obtained 
from BRL, Promega-Biotec, New England Biolabs, and 
International Biotechnologies, Inc. [ 32 P]dATP 
(3000Ci/mmol) and [ 35 S]dATP (650 to 1200Ci/mmol) 
were from Amersham and New England Nuclear. 
Nitrocellulose and APT paper were obtained from 
Schleicher and Schuell. XAR-5 film for autoradiography 
was obtained from Kodak. 

(b) Strains, plasmids and media 

Yeast and bacterial strains used in this study are listed 
in Table 1. The CEN4 library was constructed of random 
15 to 20 kbf SauZA fragments of yeast wild-type DNA 
ligated into the centromeric plasmid YCp50 (Rose et al., 
1987). The plasmids YIp5 (Botstein et al., 1979), EC402 
and YCp50 were obtained from R. Davis, E. Craig and 
M.Johnston, respectively. The M13 phages mpl8 and 
mpl9 were obtained from Amersham. Plasmids pFS-3 
and pFS-13 containing TEF1* and TEF2 + , respectively, 
were obtained from P. Phillipsen. The centromeric 
plasmid library and the plasmid RB8 were obtained from 
M. Rose and D. Botstein, respectively. 

Media for growth and selection of yeast were prepared 
as described by Gaber & Culbertson (1982). Media for the 
growth and selection of bacteria and M13 phage were 
prepared as described in the M13 Cloning and Sequencing 
Manual (Amersham). Standard yeast genetic techniques 
have been described by Sherman et al. (1971). Standard 
linkage values were derived from tetrad data by using the 
equation: X (in centimorgans) =50 (tetratype asci + 6 
no n -parental ditype asci)/ total asci (Perkins, 1949). The 
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tson et a/., 1982). Further genetic 
;ed that these suppressors are not 
jshift suppression, since su/12 alleles 
'GA and UAG nonsense mutations. 
n g suggested that su/12 may be 
. Suppression is recessive but varies 
of su/22 examined, suggesting that 
. is not a simple loss of function, 
id the role of the SUF12+ gene 
on recognition and maintenance of 
il reading frame, we have isolated 
gene by complementation. The 
3 an essential, single-copy gene that 
UP35*. Our results suggest that 
luble factor that has evolved as a 
>f unique N- terminal domains fused 
ted to EF-loc. 

Materials and Methods 

(a) Materials 

sacrylamide, formaraide, urea and the 
tphage Ml 3 universal primer were 
ethesda Research Laboratories (BRL). 
jlyoxal were deionized with AG501-X8D 
from Bio-Rad. Deoxy- and dideoxy- 
n DNA sequence analysis were from PL 
•ther nucleotide triphosphates were 
International Biotechnologies, Inc. The 
:als were obtained from Sigma. Restric- 
es, E. coli DNA polymerase I Klenow 
acteriophage T4 ligase were obtained 
tega-Biotec, New England Biolabs, and 
Biotechnologies, Inc. [ 32 P]dATP 
.nd [ 35 S]dATP (650 to 1200Ci/mmoI) 
3rsham and New England Nuclear, 
id APT paper were obtained from 
:huell. XAR-5 film for autoradiography 
n Kodak. 

Strains, plasmids and media 

erial strains used in this study are listed 
EN 4 library was constructed of random 
-.3 A fragments of yeast wild -type DNA 
entromeric plasmid YCpSO (Rose et al., 
ids YIp5 (Botstein et al., 1979), EC402 
obtained from R. Davis, E. Craig and 
pectively. The Ml 3 phages mpl8 and 
ined from A me rs ham. Plasmids pFS-3 
.ining TEF1 + and TEF2+ , respectively, 
from P. Phillipsen. The centromeric 
ad the plasmid RB8 were obtained from 
iotstein, respectively, 
th and selection of yeast were prepared 
aber & Culbertson (1982). Media for the 
:tion of bacteria and Ml 3 phage were 
ibed in the MIS Cloning and Sequencing 
im). Standard yeast genetic techniques 
>ed by Sherman et al. (1971). Standard 
re derived from tetrad data by using the 
centimorgans) =50 (tetratype asci + 6 
-pe asci)/total asci (Perkins, 1949). The 
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order of markers in multipoint crosses was obtained from 
linkage analysis of the recombinant asci. 

(c) Nucleic acid isolation 

Large-scale preparations of yeast chromosomal DNA 
were obtained by the method of Olson et al. (1979). 
Plasmid DNA and small quantities of genomic DNA ( 100 
to 200 /xg) suitable for hybridization experiments were 
recovered from yeast mini-lysates as described by 
Sherman et al. (1982). Mini -preparations of plasmid DNA 
were isolated as described by Holmes & Quigley (1981). 
Large-scale preparations of M13 replicative form and 
single-stranded phage DNA were prepared as described 
by Yamamoto & Alberts (1970). RNA was isolated from 
yeast as described by Lindquist (1981). 

(d) Bacterial and yeast transformations 

Bacterial tranformations of strain 6507 were carried 
out by the method of Mandel A Higa (1970). Procedures 
involving M13 phage were performed as described in the 
M13 Cloning and Sequencing Manual (Amersham). Yeast 
strains were transformed by a modification of the lithium 
acetate method (Ito et al., 1983). Yeast cells were 
harvested in early log growth (10 6 cells per ml), 
concentrated 10-fold in 0*1 m -lithium acetate, incubated 
at 30 °C (or room temperature if the strains were 
temperature-sensitive for growth) for 1-5 to 3 h, and then 
concentrated 10-fold further in 0*1 M-lithium acetate. 
Plasmid DNA (2 to 10 ag) and sheared carrier DNA 
(50 /ig calf thymus) were added to 50 /d of concentrated 
cells. After 0-5 to 3 h at 30°C (or room temperature), 
0*5 ml of 40% (w/v) polyethylene glycol was added and 
the cells were incubated for 2 to 3 h more at 30 °C. Cells 
were heat-shocked at 42 °C for 15 min, washed 3 times in 
water and plated on selective media. 

(e) Plasmid and phage constructions 

Methods involving DNA restriction endonuclease 
digestion, gel fractionation of restriction fragments and 
ligation have been described by Maniatis et al. (1982). 

To map genetically the genomic source of the plasmid 
insert, the plasmid pPWI.CS was constructed by ligation 
of the 2-8 kb Clal-Sall fragment of pPW12.1 into the 
Clal-Sall sites of the integrative vector, YIp5. Since the 
Clal restriction site was located in YCp50, this plasmid 
contained 2-5 kb of the pPW12.1 plasmid insert. 

To localize the SUF12+ gene within pPW12.1, several 
deletion derivatives were constructed. The plasmids 
pPW12.HA, pPW12.SA and pPW12.BsA were con- 
structed by HindlU, Sail and Bs&ll endonuclease 
digestion, respectively, and ligation at 1 /ig DNA/ml. One 
of the deletion endpoints of pPW12.SA and pPW12.HA 
was* located in the vector YCpSO, but the deletion 
endpoints of pPW12.BsA were within the plasmid insert. 

To facilitate subcloning and DNA sequence analysis of 
the SUF12 + gene, pPW.XA and pPW.RX were 
constructed. The plasmid pPW.XA was obtained by 
deletion of 2 Xhol fragments of pPW12.1 as described 
above. pRW.RX was constructed by deletion of 2 EcoRl 
fragments of pPW.XA. The plasmids pPWE.RX and 
pPW12.RX contain the complete SUF12* gene and were 
derived from pPW.XA and pPW.RX, respectively. 
pPWE.RX was obtained by ligation of the 6 0 kb Clal- 
Xhol fragment of pPW.XA into the Clal-Sall sites of 
EC402, a derivative of YIp5 that contains the yeast 2 fim 
origin of replication, pPW12.RX was constructed by 



subcloning the 4-5 kb EcoRllXhol fragment of pPW.RX 
into the EcoRl-Sall sites of YCpSO. 

The plasmids used for the tra replacement experiments 
were derived from pPW.RX. The plasmid 
pPW.RX : : URA3 + was constructed by replacement of 
the 0-33 kb HindUl fragment of pPW.RX with the 
HindUl fragment of RB8 containing the URA3* gene. 
pPW.RX : : LEU2* was constructed by replacement of 
the H pal- H pal and H pal -Sail fragments of pPW.RX 
with the SaU-Hpal fragment of YEpl3 (Broach et al., 
1979) containing the LEU 2* gene. Prior to transforma- 
tion of yeast, these plasmids were digested with 
EcoRllXhol and NsilfHindlll, respectively, to direct 
integration to the homologous genomic regions 
(Rothstein, 1983). 

The Ml 3 clone mpHS.3 used to obtain single-stranded 
DNA probes for nucleic acid hybridizations was con- 
structed by ligation of the 10 kb Hindlll-Sall fragment 
of pPW.RX into mpl9. 



(f ) Nucleic acid hybridization 

DNA restriction fragments fractionated on 0-8% 
agarose gels were transferred to nitrocellulose by the 
method of Southern (1975) as modified by Wahl et al. 
(1979). Filters were prehybridized in 10 to 20 ml of 
5xSSC (SSC is 015M-NaCl, 0-015 M-sodium citrate, 
pH 7), 0-5% polyvinylpyrrolidone, 0-5% Ficol and 
100 ug of sheared calf thymus DNA/ml at 65 °C for 16 to 
48 h. Hybridization conditions differed only by the 
addition of a 0-5 ml sample of radioactively labeled 
probe. Filter washes varied in stringency as indicated in 
the Figure legends and text. 

RNA was denatured in a solution of 1 m deionized 
glyoxal (pH5-5), I x TBE (pH 7-3) at 50°C for 1 h. 
Denatured RNA (10 to 20 Mg) was fractionated in 1 to 
1 5% agarose, 1 x TBE (pH 7-3) gels. Recirculation of the 
buffer was not required to maintain this system below 
pH 8 0, as required by the glyoxal method of RNA 
denaturation (Maniatis et al, 1982). RNA was transferred 
to APT paper by electroelution as directed by the 
manufacturer. Prehybridization and hybridization 
conditions were as for DNA hybridizations except that 
solutions contained 50% formamide and hybridizations 
were at 42°C 7 

Plasmid probes were radioactively labeled (2 x 10 to 
8x 10 7 cts/min per jig DNA) with [ 32 P]dATP by nick- 
translation as described by Maniatis et al. (1982). Ml 3- 
derived probes (10 8 to 10 9 cts/min per /ig) were obtained 
by second strand synthesis as follows: 0-2 /ig of single- 
stranded phage DNA was hybridized to 2-5 ng of the 17- 
base M13 universal primer in 10 mM-Tris • HC1 (pH 7-3), 
10mM-MgCI 2 at 60°C for 30 min and cooled to room 
temperature. The polymerization reaction contained 
50 nM-dXTP (dCTP, dTTP, dGTP), 10/xCi of [ 32 P]dATP 
(650 mCi/mmol), 2 to 4 units of Klenow fragment in a 
volume of 20 u\, and was incubated at room temperature 
for 1 h. Hybridization solutions contained either 2x10 
to 8xl0 7 cts/ min of nick-translated probe or 1 x 10 
cts/min of single-stranded M13 probe per 10 ml of 
solution. 

(g) DNA sequence analysis 
DNA sequences were determined by the methods of 
Sanger et al. (1977) and Biggen et al. (1983). The sequence 
from -378 to +2019 in Fig. 3 was obtained from 
sequence analysis of both DNA strands except for the 
region between +438 and +756. We were unable to 
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obtain the appropriate subclones in the reverse orienta- 
tion, utilizing several different cloning strategies. The 
remaining sequence was obtained from one strand of 
multiple, independent and overlapping clones. In each 
case the sequences were within the first 200 bp from the 
primer/cloning sites and are unambiguous. All of the 
cloning junction points were sequenced in overlapping 
clones to ensure a contiguous sequence. The DNA 
sequence between -710 to -378 was obtained from 
DNA sequence analysis of a single strand (data not 
shown). 

Computer programs for DNA and amino acid sequence 
analysis were provided by the Genetics Computer Group 
of the University of Wisconsin (see appropriate Fieure 
legends). 6 



3. Results 

(a) Cloning the SUF12 + gene 

We used the recessive suppressor phenotype of 
su/12 to isolate a clone of the SUF12+ gene by 
complementation. A yeast strain containing su/12- 
3, the suppressible frameshift mutation his4-713 
and ura3-52 (PW108-4C, Table 1), was transformed 
to uracil prototrophy with DNA prepared from a 
centromeric plasmid library (Rose et aL, 1987). 
Ura + transformants were screened for comple- 
mentation and loss of su/72-mediated suppression 
of his4-713 by replica plating to selective media 
lacking uracil and histidine, and media lacking only 
histidine. We identified three transformants with 
the appropriate phenotype in -a screen of 
approximately 6000 transformants. These three 
transformants failed to grow under conditions 



requiring both suppression and maintenance of the I \ 
plasmid (histidine and uracil prototrophy), bat 
grew under conditions selecting for plasmid loss and 
restored suppression (histidine prototrophy). These 
candidates contained identical plasmids, designated 
pPW12.1, as shown by restriction map analysis 
(Fig. 1). The smallest subclone retaining the wild 
type SUF12 + function, pPW12.RX, contained the 
4-5 kb EcoRI-XhoI fragment of pPW12.1 inserts 
into YCp50 (Fig. 1). ^ 
The genomic source of the plasmid insert was 
genetically mapped to the su/12 region 0 f 
chromosome IV (Culbertson et aL, 1982). A plasmid 
pPWI.CS, containing the 2-8 kb Clal-Sall frag'" 
men t of pP W 1 2. 1 was integrated into the genome of 
PVV108-4C (Table 1) by homologous recombination 
(Hinnen et aL, 1978). An integrant was mated to a I 
strain containing genetic markers tightly linked to 
sufl2 on chromosome IV (PW118-22A, Table 1). 
Sporulation and tetrad analysis of a purified diploid 
indicated that the plasmid integration site, inferred 
from the Ura + phenotype conferred by the 
integrated plasmid, was near the map position 
previously reported for su/12 (Table 2; Culbertson et 
aL, 1982). Genetic linkage of the plasmid insert to 
the region of the su/12 locus -is consistent with a 
plasmid copy of the SUF12 + gene. 

(b) Identification of the SUFI 2 + transcript f 

To localize the SUF12+ gene within the EcoRI- y) 
Xhol fragment of pPW12.RX, deletion derivatives 
of pPW12.1 were constructed (pPW12.HA, 
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p PW12.BsA and pPW12.SA) and screened for their 
ability to complement su/12-3 (Fig. 1). A portion of 
the EcoKl-Xhol fragment required for SUF12* 
expression was localized to the 100 bp overlap 
between the pPW12.HA and pPW12.BsA deletions, 
since both plasmids failed to complement su/12-3 
(Fig. 1)- Loss of wild-type function by the 
pPW12.SA deletion could be due to loss of all or 
part of the SUF12 + gene. 

To correlate the results from deletion mapping 
with the locations of specific transcripts, total wild- 
type RNA was probed with radioactively labeled 
YCp50 (the library vector), pPW12.1 and 
pPW12.SA (Fig. 1(a) to (c)). We detected hybridiza- 
tion of the plasmid insert to a single 2-3 kb 
transcript, presumably encoded by the SUF12 + 
gene. The intensity of the hybridization signal was 
approximately equal to that of the URA3* 
transcript. The plasmid pPW12.SA also hybridized 
to the SUF12 + transcript, although the intensity of 
the hybridization signal was diminished relative to 
the URA3 + transcript. A reduction in the signal 
relative to the URA3* transcript is consistent with 
inactivation of the SUF12+ gene in pPW12.SA by 
deletion of a region of DNA that normally encodes 
part of the SUF12* transcript. These results and 
the deletion analysis of pPW12.1 predict that the 
pertinent deletion endpoints of pPW12.HA, 
pPW12.BsA and pPW12.SA are located within the 
coding and/or regulatory regions of the SUF12 + 
gene. This prediction was confirmed by DNA 
sequence analysis that revealed a 2055 bp open 
reading frame containing the respective deletion 
endpoints (see Fig. 3, below). 

(c) SUF12 + is a single-copy essential gene 

To determine the copy number of the SUF12* 
gene, wild-type genomic DNA was digested with 
several enzymes, fractionated by agarose gel 
electrophoresis, and transferred to nitrocellulose 

Table 2 
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Tetrads were obtained from a mating between PW108- 
4C[pPWI.CS] and PW118-22A. The plasmid integration site was 
inferred from the Ura + phenotype conferred by the URA3* gene 
of pPWI.CS. The genetic map distances between URA3 + , arol 
and hom2 are similar to those reported for su/12, arol and hom2 
(Culbertson et a/., 1982). The relative order, arol hom2 Ura + , was 
determined by analysis of the tetratype (T) asci. This order is 
similar to the relative map positions of arol, hom2 and suj!2 
(Culbertson et al., 1982). PD, parental ditype; NPD, non- 
parental type asci; cM, centimorgan. 
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Figure 2. Southern hybridization analysis: genomic 
yeast DNA was isolated from strain S288C and digested 
with: lanes a, EcoKl\ b, EcoRlj Hindlll; and c, Hindlll, 
respectively. A Hindlll restriction digest of phage 
lambda DNA was included for molecular weight 
standards. Following transfer to nitrocellulose (Southern, 
1975), the filters were probed with radioactively labeled 
mpHS.3, a single-stranded M13 clone containing the 
10 kb Hindlll-ScUl fragment of the SUF12+ coding 
region (Fig. 3). The filters were then washed with 
moderate stringency (2xSSC, 65 °C). The minor bands in 
these lanes were lost in high stringency washes (0* 1 x SSC, 
65°C; data not shown). Southern blot analysis of genomic 
DNA probed with plasmids containing the TEF1 + , 
TEF2 + and SUF12* genes showed that the minor bands 
detected in lanes a to c did not co-migrate with 
restriction fragments generated from the TEF* genes 
(unpublished results). Gene disruptions: the black arrow 
depicts the open reading frame of the SUF12* gene 
(Fig. 3). Genomic DNA was isolated from the following 
strains and digested with Sail: lanes d, PW145; e, 
P\V145[*w/i2 : : URA3*]; f and g, 2 spore colonies from a 
representative PW145[szt/72 : : URA3 + ] tetrad. The 
filters were probed with radioactively labeled mpHS.3 
and washed with high stringency (OlxSSC, 65 °C). The 
4*5 kb fragment is the size of the wild-type Sail fragment 
predicted by the restriction map of pPW12.1. The 5-3 kb 
fragment in the heterozygote (lane 2e) reflects replace- 
ment of the 0-33 kb Hindlll fragment of the SUF12 + 
coding region with a 11 kb fragment containing the 
URA3* gene. The presence of the 4-5 kb band but not 
the 5-3 kb band in lanes f and g indicates that sufl2-nvll 
alleles are recessive lethals. The position of the LEU 2* 
gene within SUF12 + in PW145[su/72 : : LEU2+] is also 
shown diagrammatically, below. H, Hindlll; Hp, Hpal\ 
S, Sail. 



(Southern, 1975). The filter was probed with 
mpHS.3, a single-stranded Ml 3 clone containing 
the internal 1-0 kb Hindlll-Sall fragment of the 
SUF12+ coding region (Fig. 2). The presence of a 
single major band in each gel lane (Fig. 2 lanes a to 
c) indicates that SUF12 + is a single-copy gene. 

To determine if SUF12 + encodes an essential 
function, a null allele was constructed in vitro by 
replacing the internal i/indlll fragment of the 
coding region with the URA3+ gene {Fig. 2). The 
null allele was transplaced (Rothstein, 1983) into 
PW145, a diploid strain homozygous for ura3-52 
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and heterozygous for several markers tightly 
linked to sufl2 on chromosome IV (Table 1). The 
growth and sporulation efficiency of 
$ufl2 : : URA 3 + /S UF12 + heterozygotes are 
comparable to those of the parental diploid. Each 
tetrad from several independent Ura + diploids 
produced two non-viable, ungenninated spores and 
two Ura" colonies. The lethal phenotype was 
genetically linked to sufl2 : : URA3 + and hom2 
(data not shown). Southern blot analysis of DNA 
isolated from the parental diploid, a representative 
sufl2 : : URA + jSUF12 + heterozygous diploid, and 
several viable spore colonies indicated that both the 
wild -type and null alleles were present in the 
heterozygote, but only wild-type alleles were 
recovered in tetrads (Fig. 2 lanes d to g). 

We then asked if lethality is simply due to an 
effect on spore germination or to loss of an essential 
function in vegetative growth. A null allele was 
constructed by replacing the Sall-Hpal and Hpal- 
Hpal fragments of the S UF12 + -coding region with 
the LEU2+ gene (Fig. 2) and transplaced into an 
appropriately marked diploid (PW145, Table 1). 
Correct transplacement was inferred from tetrad 
analysis showing genetic linkage of spore lethality 
to sufl2 : :LEU2+ and hom2 (data not shown). To 
rescue su/12-null allele with an extrachromosomal 
SUF12+ gene, a sufl2 ; : LEU2+ /SUF12 + hetero- 
zygote was transformed with pPWE.RX, a high 
copy number plasmid containing the yeast 2 pm 
origin of replication, the URA3+ gene and 
SUF12 + . Following sporulation, tetrads segregated 
predominantly 4:0 for Ura + and 2:2 for Leu + , 
but Leu + Ura" colonies were not observed. These 
results indicate that the sufl2 : : LEU2+ allele is 
maintained by pPWE.RX and that increased gene 
dosage of the SUF12+ gene is tolerated in these 
haploids. During repeated subculturing of Leu + 
Ura + spore colonies in complete non-selective 
media, we did not observe sufl2 : : LEU 2* colonies 
in the absence of an extrachromosomal SUF12 + 
gene. To ensure that stable association of the Leu + 
and Ura + phenotypes was not due to plasmid 
integration into the genome, single colony isolates 
were mated to an appropriately marked strain 
(PY39, Table 1) and individual zygotes were 
selected by micromanipulation. Since Leu + Ura" 
colonies segregated from these Ura+ Leu + diploids 
during vegetative growth, we attribute lethality of 
the sufl2-null allele to loss of an essential 
vegetative function. 



(d) SUP35 + and SUFI 2 + are identical genes 

We have utilized pPWE.RX and the deletion 
derivatives of pPW!2.1 to determine if SUP35 + 
and SUF12+ are identical genes. A strain contain- 
ing ura3-52 and sup35-4, a recessive allele that 
confers temperature-sensitive growth (Song & 
Liebman, 1987; Table 1), was transformed with 
pPW12.1, pPWE.RX and each of the SUF12 + 
deletion derivatives. Ura + transformants were 
selected at 25 °C and screened for the ability to 



grow at 37 °C. Both pPW12.1 and pPw * Dv 
conferred temperature-independent growth h 
the deletion derivatives did not, showing tk 
SUF12 + gene complements the su P 35-4 fllel ^ 
An additional test of allelism was provioVd u 
phenotypfc expression of the recessive sup35-4 U }' 
in a diploid containing a su/12-null a n , 
Individual zygotes were isolated by micromaninni 
tion from a mating between SL797-2C and a st • 
containing a 8ufl2-nvll allele maintained by*™ 
extrachromosomal copy of SUF12 + (P\V}a* 
3C[pPWE.RX], Table 1). During subculturing in 
complete non-selective media, the recessive 6up3$-4 
mutation conferred temperature-sensitive growth to 
those diploids that had lost pPWE.RX. Since 
diploids heterozygous for a sufl2-null allele are not 
temperature-sensitive for growth, expression of the 
recessive sup35-4 allele is due to disruption of the 
allelic wild-type gene, SUF12 + . 



(e) DNA sequence analysis 

Portions of pPW12.1 were subcloned and the 
DNA sequence was determined (see Materials and 
Methods). The SUF12+ gene was identified as a 
2055 bp open reading frame containing a Sail, 
Hindlll and BstEII deletion endpoint of 
pPW12.SA, pPW12.HA and P PW12.BsA, 
respectively (Fig. 3). The sequence predicts an 
88 x 10 3 M T protein of 685 amino acids if t ranslation 
initiates at the first AUG in the open reading frame. 

Consensus signals for mRNA slicing (Langford & 
Gallwitz, 1983) were not observed within the open 
reading frame or flanking sequences. Three 
TATAA-like elements are located at -202 
(TATTATA), -182 (TATAATAT), and -104. 
(TATATT). The consensus transcription 
termination signal proposed by Zaret & Sherman 

(1982) of TAG. . .TA(T)GT. . .TTT occurs at 
position +2168. The termination/polyadenvlation 
signal sequence TA A ATA AG proposed by 
Bennetzen & Hall (1982a) and the termination 
signal TTTTTATA proposed by Henikoff et al. 

(1983) are not present. 

Many components of the yeast translational 
machinery appear to be co-ordinately regulated, in 
part, at the level of transcription (Gorenstein & 
Warner, 1976; Himmelfarb et al., 1985; Warner et 
al., 1985; Donovan & Pearson, 1986). Transcrip- 
tional activation is mediated through specific 
binding of a protein factor (TUF) to the upstream 
activating sequences HOMOL1 and/or the RPG box 
(Teem et al., 1984; Huet et al., 1985; Leer et al, 
1985; Rotenberg & Woolford, 1986; Woudt et al., 
1986). These promoter elements have been found 50 
to 500 bp upstream from the transcriptional start 
site of most of the ribosomal protein genes (Teem et 
al., 1984; Leer et al., 1985), the genes encoding the 
elongation factor EF-la (Huet et al., 1985). and 
SUP45 + (Breining & Piepersberg, 1986). We were 
unable to identify a convincing example of cither 
element within the 500 bp 5' to the TATAA-like 
elements (Fig. 3; and unpublished results). Since the 
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2» >" v Q Q Y H P Q G 6 Y Q 0 0 F H P « 6 g * G N 

p Q 6_6 T u ** " > .*-fTTCT^ TrrairnTCfiGTATCAAGTTI 



-ccifpyQTEEltTEEICSELP 

< E E * r . » ^rr.T^Ti-ATCTTiUTGCCGGTAAATC 



583 



702 



703 '*T * c l f V D 0EVVN0HFG 6K0HV5L 

A D A L I K E 0 E E E V . -,,.,rj-»Trr»(a;r»(UCAAGGTTS6TACTTGTCATGG6TCATG6A 



823 



943 



942 



1062 



1182 

1063 " 1 6 G * 5 ° ' D " 6 " 1 , , , , I , 1302 

1183 m + TTl- + H V V V V N K H 0 , P T V H W S K ^^c.ccOGCCCMCTCTGTTACA 



1303 



1423 y L oTTmTo „ H I N A P F H L P I A A r « fT¥C1T ««tTHGTGTfi6T6A«MSTTAAACTMfi 



H22 



1543 



Y L 0 T H N H V 0 R H I N A P F « L TTWTATKCTMOTCTWTGA GCAAGTTA^CTA>&A 
AAAAAC^^CC^^ 



1662 



M^^KA>^ACCC^^TC«^^ :: ---— , A " YT^TTT C G E Q V K L R 

1663 1 T~T~7~r^ GFVLTSPKNPIKSVTKFVA-* 

I K 6 V E E E D I S P 6 F ^ T .f r«CCGTAAGTCAAA6AA AC CACCTGC 



1783 



2023 



1902 



2142 



2262 



initiates the SUFl2/EF-la homology is marked (•)• 



^rprise sequence parameters of these regulatory 
are n'rwell defined (Huet et al 1985; Woudt 
e al 1986), the lack of HOMOL1/RPG sequence 
homology may not reflect a lack of co-onhnate 
tranSional control. In addition, it » not clear 
that such control is mediated exclusively through 
these activation sites (Vigna.s et a 1»87) 

The pattern of codon usage in the SUF12 gene 
is similar to genes that are not highly expressed 



(Table 3) A codon bias index of 0-40 also suggests 
that SUF12+ is probably not an abundant protein 
(Bennetzen & Hall, 19826). The codon b.as index 
reflects the degree of preferred f^^f h ^^ 
been correlated with the level of mRNA »b«nd*n« 
(Bennetzen & Hall, 19826). These , observa ions - 
consistent with the apparent SVFU wa v 
abundance(Fig.l) that is similar to t^i^ 
abundance URA3 + transcript (Bach etal, 
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Table 3 

Amino acid composition and codon usage, 



No. 




SUFI 2 


Y-L 


Y-H 


Gly 60 


GGG 


0030 


0-095 


0007 




GGA 


0050 


0167 


0-005 




GGU 


0-750 


0-557 


0-950 




GGC 


01 70 


0180 


0-037 


Ala 43 


GCG 


0-000 


0087 


0*010 




GCA 


0160 


0-275 


0030 




GCU 


0-470 


0-392 


0-680 




GCC 


0-370 


0-245 


0-282 


Ser 35 


AGU 


0140 


0155 


0-028 




AGO 


0060 


0-100 


0027 




UCG 


0090 


0083 


0015 




UCA 


0-170 


0195 


0038 




UCU 


0-340 


0-317 


0528 




UCC 


0-200 


0*155 


0-362 


Thr39 


ACG 


0-030 


01 20 


0015 




ACA 


0-210 


0*292 


0055 




ACU 


0-360 


0-357 


0*485 




ACC 


0-410 


0-227 


0*445 


Pro 30 


CCG 


0000 


0-097 


0 007 




CCA 


0-600 


0-452 


0-860 




ecu 


0-330 


0*295 


01 25 




ccc 


0*070 


0155 


0-007 



No. 





SUFI 2 


Y-L 


Y-H 


No. 




GAU 


0-700 


0*655 


0-420 


ValSO 


GUG 


GAC 


0*300 


0*345 


0-580 




GUA 


AAU 










GUU 


0-530 


0-560 


0140 




GUC 


AAC 


0-470 


0-440 


0-860 




GAG 








Met 19 


AUG 


0-230 


0*285 


0085 




GAA 


0*770 


0*715 


0-915 


He 32 


AUA 


CAG 










AUU 


0-250 


0-290 


0055 




AUC 


CAA 


0*770 


0-710 


0*945 




AGG 








Leu 35 


UUG 


0060 


01 87 


0023 




UUA 


AGA 


0*610 


0*500 


0*867 




CUG 


CGG 


0 000 


0030 


0 000 




CUA 


CGA 


0000 


0057 


0-000 




CUU 


CGU 


0-330 


01 77 


0-107 




cue 


CGC 


0000 


0*050 


0-002 




AAG 


0*580 






Trp4 


UGG 


0-445 


0-810 




AAA 


0*420 


0*555 


0190 


Tyr 35 


UAU 


CAU 










UAC 


0*540 


0-645 


0-260 




CAC 


0*460 


0*355 


0*740 


Phe 16 


UUU 


UGU 










UUC 


0*800 


0-705 


0-890 




UGC 


0-200 


0-295 


0-110 


* 1 


UAA 



SUFI 2 Y-L Y-H 



0-180 0-187 
0-520 0-402 
0*200 0-230 



0-090 



0-430 
0-200 
0090 
0-200 
0090 
0000 



0-233 
0*507 
0-263 



01 03 
01 33 
0*112 
0*055 



0032 
0-010 
0*545 
0-412 



0020 
0-453 
0-527 



0-326 0-750 
0-272 0*133 



0022 
0*070 
0-022 
0*003 



UAA 1-000 0-447 0-870 



^ presentea usage as a traction of the number of synonymous codons for a particular amino acid. 
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200 

100 
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s 8 exact matches in a window 
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SUF12 


Y-L 


Y-H 


GUG 


0100 


0-180 


0-032 


GUA 


0180 


01 87 


0010 


GUU 


0-520 


0-402 


0-545 


GUC 


0-200 


0-230 


0-412 


AUG 


1000 


1000 


1000 


AUA 


0090 


0-233 


0020 


AUU 


0-530 


0-507 


0-453 


AUC 


0-380 


0-263 


0-527 


UUG 


0-430 


0-326 


0-750 


UUA 


0-200 


0-272 


0-133 


CUG 


0090 


0103 


0022 


CUA 


0-200 


01 33 


0070 


CUU 


0-090 


01 12 


0-022 


cue 


0000 


0055 


0-003 


UGG 


1000 


1000 


1000 


UAU 


0-290 


0-525 


0-130 


UAC 


0-710 


0-475 


0-870 


UUU 


0*560 


0-585 


0*210 


UUC 


0-440 


0-415 


0-790 


UAA 


1 000 


0-447 


0-870 



particular amino acid. The Y-H 
d to codon usage of group A, 66 
:nted usage as a fraction of one, 
r amino acid. 



SUF12 Suppressor Protein 



567 



Table 4 



Comparison of SUF12 amino acid sequence with a consensus sequence of the EF-1 family of proteins 



E1 



G2 



SUFI 2 
EF1.Sc 
6M.K 
EF1.AS 
EFUMr 
Tu.Ec 
Tu.Sc 
Faoily 



SUF12 
EF1.Sc 
EF1 .H 
EF1 .AS 
EF1 .Mr 
Tu.Ec 
Tu.Sc 
Faoi ly 



NF6GK0HVSL I FHGH VDAGKSTHGGNLL YLT 
HGKEKSH INVVVI GHVDSGKS T T TGHL I TKC 
HGKEKTHINIVVIGHVDSGKSTTTGHLIYKC 
HGKEKIHINIVVIGHVOSGKSTTTGHLIYKC 
HGKEKTHVNVVV I GHV0S6KSTTTGHLIYKC 
FERTKPHVNVGTIGHVDHGKTTLTAA.I. 
F DRSKPH VN IGTIGHVOHGKTTLTAA. I. 
— h-KaHiNi— IGHV0-GKaT-Ta— I- 



GSVOKRTIEKYEREAKOAGROGMtLSWVHOTNKEERNOGKT 

; 66 1 0KRT I EKF EKEAAEL6KGS FKYAWVLDKLKAERERGIT 
6G10KRTIEKFEKEAAEH6K6SFKYAWVL0KLKAERERG T 
GSlO<RTIEICFEKEAQEH6KGSFKYAUVLt)»CLKAERERGIT 
G6I DKRT IEEFEKEAAEL6HGSFKYAUVL0KLKAERERGIT 
TTV ..LAKTYGGAAR.A...FDQ..I1DNAPEEICARGIT 

TK ** TL AAK.GGANFLDY. .A0KAPEERAR6IT 

; 4 . 1111- ill a f & Eh-RG I T 



IEVGKAYFETEKRRYT IL0AP6HKMYVS 353 
1 0 1 ALUKF ETPKYQVT VI 0AP6HRDF I K 100 
IDISLUKFETSKYYVTIIOAPGHROFIK 100 
IOIALUKFETAKYYVTII 0 APGHRO F IK 100 
lOIALWICFETPKYNVTVIOAPGHROf U 100 
INTSHVEYDTPTRHYAHVDCP6HADYVK 90 
1ST AHVE YETAKRHYSHVDCP6HA0 Y IK- 126 
r ._ d fdTa a i i 0-PGH-D f i K 



X2 



G3 



t3 



64 



****** 

EH1GGA 
NMTGT 
NMITGT 
NI1ITGT 
NMITGT 
NMITGA 
NMITGA 
NMITGa 



******* 

,SQ * OVGVLVI SAR KGE Y 
SQAOCAILI IAGGVGEF 
SQADCAVLIVAAGVGEF 
SQAOCAVLIVAAGVGEF 
SQAOCAILIIAGGTGEF 
AQMDGAILVVAATDG. 
iAQMOGAIIVVAATDGQ 
aQ-D-A i i i i Aaa-G- 



c c e or rain c MITT AKTQGVNKMVVVVNKHDD IKTDVVFHPVSGYSGA 453 

ETG F ! R S5!ISI«m »J?mSqLIVAvIkHOS VKW0ESRFQEIVKETSNFIKKV6YNPKTV.PFVPI SGWN60 197 

i aQTREH-LLa--i G-"iiV-iNK-D En-d — 1— d 



t4 



4 



SUF12 
EF1.Sc 

efi.h 

EF 1 .As 
EF1.Hr 
Tu.Ec 
Tu.Sc 
Family 



SUF12 
EF1.SC 
EF1 .H 
EF 1 .As 
EF 1 .Mr 
Tu.Ec 
Tu.Sc 
Family 



NLKDHVDPKECPUYTG PTLtETL 

N..HIEATTNAPUYKGWEKETKAGVVKGKTLLEAI 
N..MLEPSANMPUFKGUKVTRICDGNASGTTLLEAL 
N..MLEASORLPUYKGUNIERKEGKAOGKTLLOAL 
N . .MLOES TNMPUFKGWNKETICAGSKTGKTLLE AI 

OTPIVRGSA.LKAtEGOAEWEAKILELAGFL 

NAPIIMGSA.LCALEGRQPEIGEQAIM..KLLOAV 
d— ii-aa — G ~ L 



* * * **• • *** **** ****** 

Ir «»u«ftOMINAPFMLPl' . A AKHKOLGT I VEGK 1 ESGH I KKGQSTLLMPNKTA . V . . E IQN I Y 535 

I * fppJSp^KPLRLPLQOVYKIGGIG^^^ J" 

Si; pepeSmSkpfllpiedvfsisgrgtvvtgrvergiikvgeeveivgiketq.kstctgve 258 

D .-i — p. R -dKP— iPid0if-IaG-6TV— GRVE-G-iK-G tV a- alE 



* * •* 



NETENEVOMAH 
MHHE.QLEQGV 
MHHE.ALSEAL 
MHHE.SLEQAS 
MHHE.TLTEGL 
NFRKL.LDEGR 
MFRKE.LOSAM 
M L 



CGEQVKLRUGVEEEOIS 
PGONVGFHVKNVSVKEIR 
.PGONVGFNVKNVSVKDVR 
PGONVGFNVKNVSVKELR 
PG0NV6FNVKNVSVKDIR 
AGENVGVLLRGIKREEIE 
1AGDNAGVLLRGIRR0QLK 
aGdN-G — i h- i di- 



PGFVLTSPKN.PIKSVTKFVAQIAtVELKS.IA 
RGNVCGDAKNDPPKGCASFNATVIVLNHPGQIS 
IRGNVAGDSKNDPPMEAAGFTAQVIILNHPGQIS 
RGYVASOSKNNPARGSQDFFAQVIVLNHPGQIS 
RGNVCSDStCNOPAKESASFTAQVI I LNHPGQ I s 
RGQVL..AKP6TIKPHTKFESEVYILSK0EGGR 
RGHVL..AKPGTVKAHTKILASLYILSKEE6GR 
RG-V aK— a a-t-IL 



AGFSCVHHVHTA IEEVHIVKLLHKLEK6TN.RKSKKPP 633 
;A6YSPVLDCHTAHIACRFDELLEKNDRRS6.KKLEDHP 389 
i AG YAPVLOCHTAH IACKF AELKEKIORRSG .KKLEDGP 391 
NGYTPVLDCHTAHIACKFAEIKEKCDRRT6.KTTEAEP 391 
, AG Y APVLOCHTAH IACKFSELIEKI0RRS6.KKHE0SP 389 

HTPFFKGYRPQFYFRTTOVTGTI EL.P 345 

IHSGFGENYRPQHF IR T AD VT VVHRFPKEVEOHSHQVHP 396 




«f h,pFF1 family and SUF12, the SUFI 2 sequence was aligned with a consensus 
To localize the residues conserved among -embers of the EF-1 ^J^^ 1 ^ The ^J^us sequence represents a stringent 
sequence (Family) derived from the members of the EF-1 family £ ™ ^ t in each of the factors to be included in 

basis of comparison, since an id^^ (University of Wisconsin 

the consensus sequence. Alignments were first g enera £^^ 

Computer Group, and then adjusted by eye * [978) are in lower case' The following Dayhoff 

matches are in upper case and conservative Dayhoff amino ac.d wbstaufaons u y ^ , f ^ y ^ p ^ ^ Q) ^ &bove ^ 

conservative categories were used: a - b.A.JM.O; a - » ' ' / . Th recion8 0 f SUFI 2 homology to GTP binding 

SUF12 seque.ee represent either an «act match -nse'vat, « "J* T%£^SZXL« the eukaryoL group (Kl) are 
proteins (Gl to G4), eonserved regions of the EF-1 famJy (tl 1 to tS), ^ g rf EF1 M, EF-U 

indicated. Hemert I +. 19sl,; EFl.Mr, EF-1. frcn Uv* 

from mammals (B ran* , «< al ^'J^^E. tali. (An & Friesen, 1982): Tu.So, EF-Tu from yeast m.toehondr.a (Nagata et «!., 

1983). 



(f) Analysis of the inferred SUF12 protein 

In a search for similar amino acid sequences in 
the National Biomedical Research Foundation 
(NBRF) data bank of protein sequences (George et 
aL, 1986), we found significant homology to the EF- 
1 family of elongation factors. Pairwise comparisons 



between SUF12, yeast EF-loc and E.coli EF-Tu 
(Fig. 4(a) to (c)) illustrate the following observa- 
tions: (1) homology between SUFI 2 and members 
of the EF-1 family begins internally at amino acid 
254 of SUF12. (2) Homology is more extensive 
between SUFI 2 and EF-1 a (36% exact matches; 
65% with conservative substitutions) than between 



"Mr 
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EF-la and EF-Tu of E. coli (28% identity; 50% 
with conservative substitutions). (3) SUF12/EF-Tu 
homology is less extensive (20% identity; 50% 
conservative substitutions) but located in similar 
positions to EF-la/EF-Tu and SUF12/EF-la 
homology. 

By comparison of the SUFI 2 amino acid 
sequence with a consensus sequence of the EF-1 
family of proteins (Table 4), we found that SUFI 2 
contains 81% of the conserved residues of this 
family if conservative substitutions are permitted. 
We have identified three groups of sequence 
homology in the SUFI 2 protein that exhibit the 
most extensive identity to either the consensus 
sequence of the EF-1 family or, more specifically, to 
the eukaryotic factors. Regions Gl to G4 contain 
residues conserved among GTP-binding proteins. 
Regions tl to t5 of SUFI 2 are similar to regions 
that have been conserved in both prokaryotic and 
eukaryotic members of the EF-1 family, while El 
appears to be a characteristic of eukaryotic EF-1 a 
proteins. 

Regions Gl to G4 contain conserved features of 
GTP-binding proteins. These regions have been 
associated with GTP binding and hydrolysis in EF- 
Tu (Kaziro, 1978), and exhibit the most extensive 
homology between SUF12 and the EF-1 family 
(Table 4). Homologous regions have been identified 
in other GTP-binding proteins, including several 
translation factors (Sacerdot et al, 1984; Zengel et 
al, 1984; Kohno et al, 1986), the p21 family of reus 
oncogene proteins (Halliday, 1983) and bovine 
transducin (Lochrie et al, 1985). X-ray diffraction 
analysis of a trypsin -modified form of EF-Tu • GDP 
indicates that these regions are in the vicinity of the 
GDP-binding site, and most of the invariant amino 
acids interact directly with the GDP ligand 
(Jurnak, 1985; la Cour et al, 1985). The most 
conserved elements among GTP-binding proteins 
correspond to Gly267-His-Val-Asp-Ser-GIy-Lys273 
and Asn406-Lys-Met-Asp409 of SUF12. 

Regions tl to t5 of SUF12 correspond to regions 
that have been conserved in the EF-1 family 
(Table 4). Residues of E. coli EF-Tu that have been 
implicated in tRNA binding include His66 (tl), 
Hisl 18 (t3) (Jonak et ah, 1984), Lys208 and Lys237 
(t4) van Noort et al, 1984, 1985) and Cys81 (G2) 
(Miller et al, 1971; Arai et al, 1974; Jonak et al., 
1982). The tl region is also similar to a segment of 
mammalian elongation factor 2 (EF-2) and E. coli 
elongation factor G (EF-G). Kohno et al (1986) 
have proposed that this region of homology may 
reflect a common function of elongation factors 
other than GTP binding. The functional significance 
of the conserved t2 and t5 regions is not known . 

The El region of SUFI 2 is homologous to a 
segment that is highly conserved among the 
eukaryotic members of the EF-1 family (90% 
identity; 97% with conservative substitutions). 
Although other regions of the eukaryotic EF-la 
proteins also lack a prokaryotic counterpart 
(Brands et al, 1986), El is unusual in its length and 
position in the most conserved region of this family. 



A segment of similar conserved character and/or 
sequence is not present in this position in other 
soluble factors or GTP-binding proteins (Table 4- 
Brands et al., 1986; Kohno et a/., 1986). 

SUFI 2/EF- lot homology is essentially co-linear 
and located in the C- terminal two- thirds of the 
SUF12 protein (Fig. 4). The N-terminal 120 amino 
acid residues exhibit unusual composition (45% 
Asn and Gin, 33% Gly and Tyr) and extensive 
repeated structure (Figs 3 and 4(d)) with a strong 
potential for beta-sheet formation (Gamier et al., 
1978; Chou & Fasman, 1978). Allowing conservative 
substitutions, this segment contains three nearly 
identical repeats of nine to ten amino acids (Gln- 
Gln-(Gln)-Tyr(Phe)-Asn-Pro-Gln-Gly-Gly-Phe) and 
several shorter repeats (Fig. 3). To determine if 
these repeats result from the limited amino acid 
composition of this segment (78% Gin, Asn, Tyr 
and Gly), we compared the linear sequence of the 
first 120 amino acid residues with a randomized 
sequence generated from the same residues. Dot- 
matrix analysis of this comparison indicates that at 
least the long repeats are not simply due to the 
amino acid composition. The adjacent segment of 
134 contains a high density of charged residues 
(41% Glu, Asp and Lys). This region contains a 
tandem repeat of Thr-Lys-Glu-Pro and several 
dispersed repeats similar to Lys(Thr)-Glu-GIu- 
(Glu)-Lys (Figs 3 and 4(d)). 

4. Discussion 

To understand the molecular mechanism of 
sufl2- mediated misreading and translational frame- 
shifting, we have isolated the SUF12 + gene by 
complementation and identified the 2-3 kb SUF12 + 
transcript. SUF12 + is an essential single-copy gene 
that is identical with SUP35 + (Hawthorne & 
Leupold, 1974). DNA sequence analysis has 
revealed an uninterrupted open reading frame 
sufficient to encode an 88 x 10* M r protein of 685 
amino acids. The amino acid composition suggests 
that SUFI 2 is a soluble protein containing 
approximately equal numbers of acidic and basic 
residues (see Table 3). 

(a) Homology between the SUFI 2 protein and the 
EF-1 family of elongation factors 

The SUFI 2 amino acid sequence exhibits 
extensive homology to the EF-1 family of elonga- 
tion factors (Fig. 4), which includes 81 % of the 
conserved residues of this family (Table 4). 
Beginning internally at amino acid 254 of SUFI 2, 
homology is more extensive between SUFI 2 and 
EF-la of S.cerevisiae (36% identity; 65% with 
conservative substitutions) than between EF-la 
and E.coli EF-Tu {28% identity; 50% with 
conservative substitutions). The corresponding 
DNA homology between SUF12 + and TEF2 + , one 
of the genes encoding yeast EF-la, is 50 to 65% 
depending on the window length and position. The 
most conserved regions of the EF-1 family are 
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involved in GTP and aminoacyl-tRNA binding, and 
the essentially co-linear homology in SUFI 2 
suggests that SUFI 2 may be functionally related to 
this family of elongation factors. 

The segment of SUFI 2 between Lys259 and 
Asp409 exhibits the strongest homology to yeast 
EF-la. This segment contains regions Gl to G4 
{Table 4), which have been associated with GTP 
binding and hydrolysis in EF-Tu (Jurnak, 1985; la 
Cour et al, 1985), and several other GTP-binding 
proteins (Halliday, 1983; Sacerdot et al., 1984; 
Zengel et al., 1984; Lochrie et al., 1985; Kohno et al, 
1986). In translation, GTP binding and hydrolysis 
are predominantly associated with the soluble 
translation factors directly involved in either the 
translation cycle or ribosome assembly (Kaziro, 
1978; Moldave, 1985). GTP/GDP binding appears 
to induce changes in factor conformation that 
mediate ribosome binding and release (Kaziro, 
1978; Thompson et al, 1986). These observations 
suggest that SUFI 2 is a soluble factor, and the 
apparent guanosine-binding domains of SUFI 2 may 
reflect a similar recycling function. 

Other regions conserved in the EF-1 family 
include residues of EF-Tu (His66, Cys81, Hisll8, 
Lys208, Lys237) that have been associated with the 
binding site for aminoacyl-tRNA (Miller et al, 1971; 
Arai et al., 1974; Jonak et al, 1982, 1984; van Noort 
et al, 1984, 1985). Each of these EF-Tu residues is 
located within highly conserved regions of the EF-1 
family and the corresponding regions of SUF12 (G2, 
tl, t3 and t4 in Table 4). Of the three residues that 
are invariant in the EF-1 family, two are conserved 
in SUF12 and correspond to His389 (t3) and 
Lys515 (t4) (Table 4). The proximity of tRNA 
binding domains to the GTP binding and hydrolysis 
center of EF-Tu (EF-la) probably reflects the 
allosteric effects of GTP/GDP on aminoacyl-tRNA 
binding to EF-Tu (Kaziro, 1978). Although SUFI 2 
is homologous to the functionally conserved regions 
of the EF-1 family, further experiments are 
required to determine if SUFI 2 exhibits either GTP 
or tRNA binding. 

(b) SUF12 is essential in vivo and functionally 
distinct from EF-la 

SUF12/EF-la homology is not as extensive as 
homology among EF-1 proteins from different 
eukaryotic species, including yeast (Nagata et al, 
1984), brine shrimp (van Hemert et al, 1984), 
mammals (Brands et al, 1986) and slime mold (Linz 
et al, 1986). The homology within the eukaryotic 
group of factors is approximately 75% identity 
(Table 4), in sharp contrast to the observed 36% 
SUF12/EF-la identity. This observation suggests 
that, although SUFI 2 and EF-la share structural 
features and possibly functional activities, these 
proteins are probably not functionally equivalent. 

A functional distinction between SUFI 2 and EF- 
la is supported by an in-vivo requirement for an 
intact SUF12 + gene. We were unable to recover 
sufl2-null alleles from sporulated diploids (Fig. 2 



lanes d to g) or vegetative haploids without rescue 
by an extrachromosomal SUF12+ gene. The 
lethality associated with sufl2-null alleles indicates 
that EF-la cannot compensate for loss of SUF12 
function. Likewise, the SUF12 protein does not 
compensate for loss of EF-la activity, since at least 
one functional EF- la-encoding gene, TEF1 + or 
TEF2 + , is also necessary for viability (Cottrelle et 

al., 1985). oTroin 

The linear SUF12 sequence suggests that SU1 12 
has evolved as a fusion protein of unique N- 
terminal SUFI 2 domains fused to domains 
structurally related to EF-la (Fig. 4(a)). SUFI 2 
may reflect a gene duplication event and sub- 
sequent divergence of function from EF-la. The N- 
terminal 120 amino acid residue segment of SUFI 2 
appears to be soluble due to a high concentration 
(45%) of soluble acid amines (Asn and Gin) and 
lack of hydrophobic residues. Analyses of secondary 
structure (Chou & Fasman, 1978; Gamier et al., 
1978) indicate a strong potential for beta-sheet 
formation. Allowing conservative amino acid 
substitutions, this region contains three repeats of 
nine amino acids and several shorter repeating units 
(Fig 3). The adjacent segment of 134 amino acids 
contains a high density (41%) of charged residues 
(Lys, Glu and Asp) and also several short repeats 
(Fig. 3). We were unable to identify significant 
sequence homology between the N-terminal 254 
amino acid residues of SUFI 2 and other proteins in 
the NBRF data bank (George et al, 1986). 

(c) Comparison ofSUF12 with other GTP-dependent 
translation factors 

Since GTP binding and hydrolysis are 
characteristics of several translation factors, we 
considered the possibility that SUFI 2 may 
correspond to a soluble factor that has been 
identified. On the basis of direct or inferred amino 
acid sequence analysis and/or molecular weight 
comparisons, SUFI 2 does not correspond to 
elongation factor 2 (EF-2), a GTP-dependent factor 
that mediates translocation (van Ness et al, 1978) 
or the 33 x 10 3 M r alpha subunit of initiation factor 
2 (IF-2), a factor involved in delivery of the 
initiator tRNA to the preinitiation complex (Baan 
et al, 1981). The DNA restriction maps of SUF12 
and the gene encoding elongation factor 3 (EF-3) 
are not related (Qin et al, 1987). EF-3 is a soluble 
GTP-dependent factor (125 x 10 3 M T ) required in 
translation with yeast ribosomes (Skogerson & 
Wakatama, 1976; Skogerson & Engelhardt, 1977; 
Dasmahapatra & Chakraburtty, 1981). Cytoplasmic 
factors with molecular weights substantially 
different from that of SUFI 2 (88xl0 3 ) include 
factors that co-purify with EF-la, EF-10 (33 x 10 ) 
and EF-ly (47 x 10 3 ) (Saha & Chakraburtty, 1986). 

Our analysis suggests that SUFI 2 is not a yeast 
release-factor. Termination in eukaryotes appears 
to be GTP-dependent and mediated by a single 
release factor that recognizes each of the three stop 
codons (Caskey, 1980). The molecular weight 
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(56 x 10 3 ) of the release factor isolated from rabbit 
reticulocytes (Caskey, 1980) is substantially smaller 
than the predicted molecular weight (88xl0 3 ) of 
SUFI 2. The E.coli release factors RF1 and RF2 
(Craigen et aL, 1985) do not exhibit significant 
homology to either EF-Tu or SUFI 2 (data not 
shown). In E. coli, increased levels of RF1 and RF2 
enhance termination in a competition between 
release factors and suppressor tRNAs for recogni- 
tion of nonsense codons (Caskey et al., 1984; Weiss 
et al., 1984). We have preliminary results indicating 
that SUF12* does not exhibit a similar phenotype 
when overexpressed in yeast (unpublished results). 
In addition, misreading of poly(U) templates in 
sup35 cell-free systems (Eustice et al., 1986) is 
difficult to reconcile with a defect in termination. 

(d) Co-dominant sufl2 expression 

We interpret sufl2 allele-specific suppression as 
evidence that 5ti/72-mediated misreading is not 
simply a loss or reduction of wild-type function. 
This view is supported by our analysis of 
sufl2ISUF12 + and sujl2-nulljSUF12 + hetero- 
zygous diploids indicating co-dominant effects of 
su/12 mutations. Although sw/22-mediated 
suppression is phenotypically recessive, the 
presence of a wild-type SUF12 + gene does not 
mask the poor sporulation efficiency and spore 
viability characteristics of these strains (Hawthorne 
& Leupold, 1974; Culbertson et al, 1982). In 
sufl2/SUF12 + heterozygous crosses, poor viability 
is not limited to spores containing sufl2 alleles, but 
affects SUF12 + spores as well. The frequency of 
inviable spores varies with the sufl2 allele involved 
but typically ranges from 20 to 40% in heterozygous 
crosses. 

If the sufl2 sporulation and suppressor 
pheno types resulted from variation in residual wild- 
type function imposed by distinct sufl2 mutations, 
we would expect diploids containing a sujl2-null 
allele to exhibit a more severe phenotype than the 
phenotype associated with sufl2 suppressor muta- 
tions. For example, a large proportion of tetrads 
might segregate 0 : 4 and 1 : 3 for spore viability. 
However, this is not the case, since su/12- 
nulllSUF12 + diploids sporulate efficiently and 
produce two viable spores in virtually every tetrad. 
Also, we have not detected nonsense or frameshift 
suppression in su/12-nulljSUF12 + diploids, as 
might be expected if suppression resulted from 
reduced wild-type activity. These results indicate 
co-dominant sufl2 expression and suggest that 
allele-specific suppression may result from 
functionally distinct sufl2 mutant proteins. 

(e) SUF12 function in translation 

To construct a model of SUFI 2 function, our 
molecular and genetic analysis must be integrated 
with the biochemical behavior of su/12 mutants in 
vitro. Previous studies utilizing cytoplasmic 
ribosomes isolated from sup35 (Eustice et al., 1986) 



and sup2 (Surguchov et al, 1984) strains suggest 
that sufl 2- mediated misreading is associated with 
the ribosome and not a soluble component of the in- 
vitro system. As a result of these observations, the 
SUF12* gene product has been postulated to be an 
enzyme involved in ribosome modification or a 
component of the ribosome. Attempts to identify 
the defective sub unit and the specific ribosomal 
proteins involved have led to conflicting results 
(Surguchov et al, 1984; Eustice et al., 1986). 
A modification activity is difficult to reconcile with 
allele-specific, co-dominant expression of su/12 
mutations and SUFI 2 sequence homology to EF- 
la. On the other hand, SUFI 2 does not appear to 
be a ribosomal protein, since the predicted 
molecular weight (88 x 10 3 ) is almost twice as large 
as any known ribosomal protein in yeast (Warner, 
1982). Furthermore, the pattern of codon usage 
(Table 3) and codon bias index (0-40) suggests that 
SUF12* is not a highly expressed gene, in contrast 
to the genes encoding ribosomal proteins 
(Bennetzen & Hall, 19826; Sharp et al., 1986). 

An alternative explanation for an apparent 
ribosomal defect in su/12(sup35) mutant extracts 
involves an association of SUFI 2 with ribosomes or 
polysomes in cell-free systems that is lost in 
preparations of ribosomal proteins. This interpreta- 
tion is supported by similar behavior of EF-3, an 
essential translation factor required by yeast 
ribosomes but not ribosomes isolated from other 
eukaryotes (Skogerson & Wakatama, 1976; 
Skogerson & Engelhardt, 1977). EF-3 is found 
predominantly associated with polysomes but 
apparently not with the ribosomal subunits 
(Hutchison et al, 1984). Furthermore, EF-3 does 
not appear to be tightly bound to polysomes, since 
it is lost by centrifugation in low-salt sucrose 
gradients (Hutchison et al, 1984). EF-3 is also 
similar to SUFI 2 in that both of these proteins are 
probably not present in amounts stoichiometric 
with the ribosome (Hutchison et al., 1984). 

(f) The relationship between mi\2-mediated 
translational frameshifting and codon 
recognition errors 

We propose that su/12- mediated translational 
frameshifting is a consequence of a defect in the 
normal process of codon recognition. Experiments 
in E. coli indicate that translational frameshifting 
may occur in vivo and in vitro as a result of 
competition among tRNAs (Atkins et al., 1979; 
Weiss & Gallant, 1983, 1986), and possibly between 
tRNAs and release factors (Craigen et al, 1985). 
One interpretation of these results is that compet- 
ing tRNAs bind out-of-frame relative to the codon 
that occupies the ribosomal A site. This type of 
translational frameshifting is consistent with the 
observed doublet decoding of Ala and Pro codons 
by E.coli tRNA Ser3 and tRNA Thr4 , respectively, 
that involves conventional base-pairing at two 
positions of the codon : anticodon pair (Bruce et al., 
1986; Dayhuff et al., 1986). We infer from these 
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observations that one type of translational error 
may result from a failure of the translational 
machinery to assess the position of tRNA binding 
relative to the ribosomal A site and/or the number 
of bases involved in the codon-anti codon inter- 
action. 

The Internal Standard Hypothesis (Thompson et 
aL, 1986) asserts that in E.coli discrimination 
between cognate and near-cognate tRNA species 
resides in the dissociation rates of these species from 
the ribosome relative to an internal standard, the 
dissociation rate of the EF-Tu GDP complex. 
A reasonable application and extension of the 
Thompson model incorporates the kinetics of out- 
of- frame tRNA binding and dissociation. This 
mechanism does not limit the position of tRNA 
binding on the mRNA to the triplet occupying the 
ribosomal A site or the number of bases involved in 
a specific tRNA-mRNA interaction to three bases. 
Our application of the model proposed by 
Thompson et al. (1986) requires only sufficient 
tRNA-mRNA and/or tRNA-ribosome stability to 
achieve a slower rate of ribosome dissociation than 
that of EF-Tu GDP. Factors that influence the 
relative rates of EF-Tu • GDP and tRNA dissocia- 
tion may influence the apparent level of codon 
misreading (Thompson et al., 1986) as well as the 
level of translational frameshifting. 

Our application of the Internal Standard 
Q Hypothesis to translational frameshifting is con- 
sistent with the behavior of several translational 
suppressors in E. coli that increase codon misread- 
ing and also increase the level of translational 
frameshifting. These suppressors include the S4 ram 
mutants (Atkins et al, 1972), the supK tRNA 
methylase mutant (Atkins & Ryce, 1974), the ksgA 
ribosomal RNA modification mutant (van Buul et 
al., 1984), and possibly certain EF-Tu mutants 
(Hughs, 1986). Conversely, the str 1 mutations in the 
S12 ribosomal protein increase translational 
accuracy and decrease the level of translational 
frameshifting (Atkins et al., 1972). Since transla- 
tional frameshifting is not a standard assay for 
misreading, we suggest that further analysis of 
other translational suppressors will support the 
correlation between codon recognition errors and 
translational frameshifting. 

On the basis of the molecular and genetic 
analyses of other translational frameshift 
suppressors, we propose that translational frame- 
shifting in sufl2 mutant strains is a consequence of 
a defect in codon recognition. We favor a molecular 
model of translational frameshifting that is 
dependent on the kinetics of out-of-frame tRNA 
binding; however, alternative models have been 
proposed {Kurland, 1980; Weiss, 1983). Our model 
of translational frameshifting is not' intended to 
explain the high levels of frameshifting that have 
been observed in the absence of suppressor 
I mutations. For example, translation of the full- 
1 length mRNA encoding RF2 of E. coli requires a 
frameshift event to avoid termination at a 
premature stop codon within the open reading 



frame (Craigen et al., 1985). Frameshifting at the 
premature stop codon occurs at a very high rate of 
50% (Craigen & Caskey, 1986). Such rates are 
difficult to reconcile with a model of translational 
frameshifting that is dependent on errors in codon 
recognition, suggesting that other mechanisms are 
operating to achieve these rates (Craigen & Caskey, 
1987). 
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ABSTRACT The chemical interaction that condenses the hyperphosphorylated 
protein tau in Alzheimer's disease (AD P-tau) into neurofibrillary tangles and cripples 
synaptic transmission remains unknown. Only p-sheet, positive ion salt bridges between 
phosphates, and hydrophobic association can create tangles of just AD P-tau. We have 
correlated transmission electron microscope (TEM) images of tau aggregation with 
different percentages of p-sheet in aqueous suspensions of tau while using buffers that 
block dispositive or tripositive ionic bridges between intermolecular phosphates. Circu- 
lar dichroism (CD) studies were performed at different temperatures from 5-85 °C using 
AD P-tau, AD P-tau dephosphorylated with hydrofluoric acid (HF AD P-tau) or alkaline 
phosphatase (AP AD P-tau), and recombinant human tau with 3-repeats and two amino 
terminal inserts (R-39) and using bovine tau (B tau) isolated without heat or acid 
treatment. Secondary structure was estimated from CD spectra at 5°C using the 
Lincomb algorithm. Each preparation except one demonstrated an inverse temperature 
transition, T|, in the CD at 197 nm. No correlation was found between p-sheet content 
and aggregation, leaving only hydrophobic interaction as the remaining possibility. 
Thirteen of 21 possible phophorylation sites in AD P-tau lie adjacent to positive residues 
in tau's primary structure. Occupation of five to nine phosphate sites on AD P-tau 
appears sufficient to reduce or neutralize tau's basic character. AD P-tau's hydrophobic 
character is indicated by its low inverse temperature transition, TV The Ti for AD P-tau 
was 24.5°C or 28°C, whereas for B tau with three phosphates it was 32°C, for 
unphosphorylated tau R-39 it was 38°C, and for dephosphorylated HF AD P-tau it was 
37.5°C. The hydrophobic protein el as tin and its analogs coalesce and precipitate at their 
Tj of 24-29°C, well below body temperature. We hypothesize that AD P-tau causes tangle 
accumulation by this mechanism. Synapse 27:208-229, 1997. © 1997 wiiey-uss. inc. 



INTRODUCTION 

During the progress of their disease, Alzheimer pa- 
tients can develop a substantial presynaptic deficit. 
This problem can be partially overcome by treatment 
with acetylcholine esterase inhibitors (Francis et al., 
1995). Beyond this deficit stage, synaptic communica- 
tion between nerve cells collapses, followed eventually 
by nerve cell death. Alzheimer's disease (AD) has a 
complex etiology which probably includes genetic, envi- 
ronmental, and metabolic factors. Histologically, AD is 
characterized by the presence of intracellular neurofi- 
brillary tangles of paired helical filaments (PHF) as 
well as extracellular p-amyloid in the brain paren- 
chyma and in brain blood vessel walls (Kidd, 1964). 
Dementia in AD is associated with neurofibrillary 



degeneration; p-amyloid in the absence of neurofibril- 
lary degeneration is not associated with clinical Alzhei- 
mer's disease (Barcikowska et al., 1989; Dickson et al., 
1988; Katzman et al., 1988). 

The microtubule associated protein (MAP) tau is 
recognized as the principal constituent in PHF and 
Alzheimer's neurofibrillary tangles (Goedert et al., 1992; 
Grundke-Iqbal et al., 1986a; Jakes et al., 1991). Tangles 
contain PHF, a triple-stranded 2.1 nm filament similar 
to tau polymer, and other amorphous structures contain- 
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ingtau (Bancheretal., 1989: Kopke etal., 1993; Ruben 
et al. f 1991, 1992, 1993, 1995). Tau is normally located 
in nerve cell axons associated with and stabilizing the 
microtubules required for axonal transport. Sequestra- 
tion of tau into tangles and its removal from microtu- 
bules not only compromises axonal transport but 
cripples synaptic communication. Tau in PHF and in 
tangles has been shown to be abnormally hyperphos- 
phorylated (Grundke-Iqbal et al. ( 1986b; Kopke et al., 
1993). Abnormally phosphorylated Alzheimer's disease 
tau (AD P-tau) can be phosphorylated at 21 sites (Brion 
et al., 1991; Hasegawa et: al., 1992: Iqbal and Grundke- 
Iqbal, 1995; Iqbal et al, 1989; Morishima-Kawashima 
et al., 1995a,b), whereas 1 2 sites can be phosphorylated 
on fetal tau (Watanabe et al., 1993; Morishima- 
Kawashima et al., 1995b), and normal adult tau can be 
phosphorylated only on five sites (Watanabe et al., 
1993). Both adult and fetal tau stimulate microtubule 
assembly (Yoshida and Ihara. 1993), but AD P-tau 
cannot (Alonso et al., 1994, 1996; Iqbal et al., 1986). AD 
P-t:au binds normal tau and not only prevents it from 
stimulating microtubule assembly (Alonso et al., 1994) 
but also depolymerizes microtubules by sequestering 
normal tau (Alonso et al., 1996). 

The chemical interaction by which hyperphosphory- 
lated tau associates in PHF and aggregates within 
tangles is not understood. For AD P-tau aggregation, 
only three interactions seem likely: 1) AD P-tau can 
associate with other tau by forming p-sheet, 2) diposi- 
tive or tri positive ionic bridges can occur between 
protein phosphate groups, or 3) hydrophobic associa- 
tions can occur between AD P-tau. We have estimated 
the p-sheet content as well as other secondary struc- 
tures in AD P-tau, dephosphorylated AD P-tau, recom- 
binant human tau (R-39), and bovine tau (B tau) 
preparations using circular dichroism (CD). In the 
prosecution of these studies the dipositive ion chelating 
agents EDTA/EGTA or a phosphate buffer were always 
present to block divalent or trivalent ionic bridging. We 
reasoned that if the first and second interactions above 
were ruled out, then hydrophobic association (the third 
interaction) between AD P-tau would be implicated. 

Using transmission electron microscopy (TEM), aggre- 
gation of the tau samples was observed in two ways. 
Samples were either negatively stained on thin carbon 
films or vertically replicated (Ruben, 1989) on 0.2 pm 
silver filters. The negative staining technique is excel- 
lent for identifying large tau aggregates but is unreli- 
able in imaging small aggregates of a few tau mono- 
mers. To avoid this problem, we have used a new silver 
filter method which is able to observe small aggregates 
of tau. Tau apparently adhers to silver filters, and 
nonassociated tau can be removed by washing. It was in 
this fashion that AD P-tau aggregation was observed 
since its aggregates could not be removed by washing. 
All the tau preparations were freeze-dried and verti- 



cally replicated on silver filters using this new aggrega- 
tion assay. 

For many years the favored method of isolation of tau 
has used both an acid pH of —2.7 and heating to 100°C, 
conditions that remove other microtubule associated 
proteins (MAPs) and result in a purified tau active in 
assembling tubulin dimers into microtubules (Grundke- 
Iqbal et al., 1986a; Lindwall and Cole, 1984a,b). Before 
the experiments reported here, we had generally as- 
sumed that tau in solution recovered any secondary 
structure needed to promote microtubule assembly or 
tau polymer formation (Ruben et al., 1991). However, 
formation of 2.1 nm tau polymers has consistently 
failed with tau treated with heat and acid, despite its 
ability to promote microtubule assembly. Our CD work 
indicates that taus isolated with acid and heat have 
secondary structures consisting mostly of unordered 
coil and variable amounts of p-sheet. We show that tau 
isolated without heat or acid treatment retains more of 
its predicted secondary structure (AD P-tau #1 and B 
tau), which we believe will be important for assembling 
triple-stranded 2. 1 nm tau polymer filaments (Ruben et 
al M 1991) as well as forming PHF under physiological 
conditions. 

METHODS AND MATERIALS 
Tau isolation and handling for the circular 
dichroism spectra 

Alzheimer's disease hyperphosphorylated tau 
(AD P-tau) 

AD P-tau #1 was isolated from an AD brain by the 
procedure of Kopke et al. (1993), avoiding heat treat- 
ment, acid treatment, and lyophilization during its 
preparation. This sample was saved in 30% glycerol at 
-20°C over a weekend and dialyzed against 50 mM 
sodium phosphate. For CD experiments, this sample 
was filtered with a 0.45 pm Millipore (Bedford, MA) 
filter and then diluted 1:1 with 50 mM sodium phos- 
phate (pH 6.5). 

A second AD P-tau #2 was also isolated from an AD 
brain by the procedure of Kopke et al. (1993) by 
phosphocellulose chromatography and then precipi- 
tated with 80% ethanol to remove salts and lyophilized. 
This sample also avoided heat and acid treatment. This 
second sample was resuspended for CD in 25 mM 
sodium phosphate (pH 6.5) and filtered with a 0.45 pm 
Millipore centrifuge filter before its CD spectrum was 
taken. The filtered samples were used for preparing the 
freeze-etched and replicated samples on the silver 
filters. AD P-tau #1 was used for the CD spectra in 
Figures 1 and 2a and the inverse temperature transi- 
tion in Figure 2e. AD P-tau # 1 was also used in Figures 
5 A, 6A, and 8A,B. AD P-tau #2 imaged in Figures 9A-C, 
and its inverse temperature transition is displayed in 
Figure 2e. Both AD P-tau samples #1 and #2 appear in 
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Table I. The unfiltered AD P-tau #1 was also negatively 
stained in Figure 4. 

Hydrofluoric acid dephosphorylated AD P-tau 
(HF AD P-tau) 

AD P-tau #2 isolated as described above was metha- 
nol-precipitated prior to treatment with hydrofluoric 
acid. Two samples of 20-100 pg of this precipitated 
protein were combined with either 25 pi or with 50 pi of 
48% hydrofluoric acid and incubated overnight at 4°C 
according to Greenberg et al. (1992). The samples were 
then lyophilized to remove hydrogen fluoride or hydro- 
fluoric acid (HF). HF AD P-tau #1 and #2 were dissolved 
in 25 mM sodium phosphate (pH 6.5) and filtered with a 
0.45 pm Millipore centrifuge filter before a CD spec- 
trum was taken. The filtered HF AD P-tau #1 and #2 
were used for preparing the freeze-etched and verti- 
cally replicated samples on the silver filters. HF AD 
P-tau #1 appears in Figure 5B, and HF AD P-tau #2 
appears in Figures 6B and 10. HF AD P-tau #2 appears 
in the CD spectra in Figures 1 and 2b and the inverse 
temperature transition in Figure 2e. The secondary 
structures listed in Table I are the average of CD 
spectra of HF AD P-tau #1 and #2. Unfiltered HF AD 
P-tau was negatively stained, but no condensed tau was 
seen (figure not shown). Although R-39 tau was also 
reacted with HF under the same conditions, we did not 
continue with this experiment since we found out that 
HF AD P-tau was mostly unstructured coil, similar t:o 
R-39 tau before it was treated with HF. No change in 
the structure of the R-39 tau would have been seen as a 
result of treatment with HF. 

Alkaline phosphatase treatment of AD P-tau (AP 
AD P-tau) 

AD P-tau (200 pg/100 pi of 50 mM Tris, pH 8.6, 5 mM 
MgCl 2 , 1 mM EGTA, and 5 mM PMSF) was dephos- 
phorylated with alkaline phosphatase (500 units/ml for 
3 h at 37°C). At the end of the incubation, the phospha- 
tase was removed from the tau by boiling the reaction 
mixture for 5 min and sedimenting it at 15,000# for 20 
min at: 4°C. The supernatant was lyophilized, washed 
twice with 70% ethanol, and dried again in a vacuum 
concentrator. The material thus obtained was solubi- 
lized in 25 mM sodium phosphate, pH 6.5, filtered 
through a 0.45 pm mesh, and used for circular dichro- 
ism spectroscopy and for preparing samples on silver 
filters. Only AP AD P-taus secondary structure is listed 
in Table I. The data for its inverse temperature transi- 
tion was unsmoothable, so its Tt could not be obtained. 

Recombinant human tau 39 (R-39 tau) 

R-39 tau was isolated from E. coli as described 
previously (Singh et al., 1995), using both heat: and acid 
treatments and subsequent lyophilization. Two samples, 
#1 and #2, were evaluated by CD after suspension in 25 
mM sodium phosphate, pH 6.5, and nitration through a 



0.45 pm Millipore centrifuge filter. The filtered samples 
were used to prepare the freeze-etched and replicated 
samples on the silver filters. R-39 tau filtered sample #2 
was diluted 50% with trifluoroethanol for its CD spec- 
trum. Filtered R-39 tau #2 was used in Figures 1 , 2c,e, 
7A, and 11. Unfiltered R-39 tau #1 was used in Fig. 5C. 
The deconvolution of R-39 tau #1 yielded the lowest 
error but was averaged with R-39 tau #2 which had 
similar secondary structure percentages. 

Bovine tau (B tau) 

Bovine brain, cleaned free of meninges, was homog- 
enized in 9 vols of 20 mM Tris, pH 8.0, containing 0.32 
M sucrose, 5 mM benzamidine, 10 mM B-mercaptoeth- 
anol, 5 mM EGTA, 0.5 mM MgSCU, 5 mM B- glycerophos- 
phate, 6 mM PMSF, 1 mM EDTA, 50 mM NaF, 1 mM 
sodium -vanadate, 0.1 mM chloroquinine, 10 nM soya 
bean trypsin inhibitor, 0.1 mg/ml tosyl arginine methio- 
nine, 5 pg/ml leupeptin, 2 pg/ml aportinine, and 1 pg/ml 
pepstatin. The homogenate was centrifuged at 1 00,000^ 
for 30 min, and the supernatant obtained was precipi- 
tated at 30% and 50% ammonium sulfate saturation. 
The 30-50% ammonium sulfate fraction was subjected 
to gel filtration on a sephacryl-100 column equilibrated 
with 25 mM 2-[N-morpholino] ethane-sulfonic acid 
(MES), pH 6.8, containing 0.5 mM MgCl 2 , 10 mM 
dithiothreitol, and 0.1 mM EDTA. The tau peak was 
pooled and subjected to phosphocellulose chromatogra- 
phy in the MES buffer. The column was eluted with a 
gradient of 0.0-0.5 M NaCl in the buffer. The tau peak 
was pooled, dialyzed against three changes of 50 mM 
MES, pH 6.9, and centrifuged at 80,000# for 30 min, 
and its supernatant was subjected to mono-S ion ex- 
change FPLC (Pharmacia, Uppsala, Sweden) chroma- 
tography Protein fractions eluted with 0.0-0.5 M NaCl 
were assayed for tau by Western blots. The fractions 
containing tau were pooled, concentrated, and buffer 
exchanged to 25 mM sodium phosphate, pH 6.5. This 
sample was filtered through a 0.45 pm filter before its 
CD spectrum was taken. The filtered sample was used 
for preparing the freeze-etched and replicated sample 
on a silver filter. The SDS-PAGE of this sample is 
shown as lane 2 in Figure 3. Tau is present along with 
other proteins below the tau bands. The presence of 
extra protein bands probably accounts for B tau's 
compromised inverse temperature transition above 35 °C 
in Figure 2e and for its less than predicted a-helix and 
p-turn secondary structure based on its primary se- 
quence (Table I). CD spectra of B tau appear in Figures 
1 and 2d. TEM images of B tau appear in Figures 6C, 
7B, and 12, 

Circular dichroism 

The CD spectra as a function of temperature were 
conducted as previously described in Ruben et al. 
(1991) using the method of Ciardelli et al. (1988) and an 
Instruments SA, Jo bin Yvon Mark V circular dichro- 
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graph (Longjumeau, France). All of the samples were 
filtered through a 0.45 urn Millipore centrifuge filter 
before their spectra were recorded so that the 185 nm 
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Fig. 1. CD spectra of various tau at 5°C in sodium phosphate 
buffer, pH 6.5. Using the Lincomb algorithm, we deconvoluted these 
CD spectra into components of a-helix, {3-turn, unstructured coil, 
p -sheet, and aromatics. In Table I the aromatics were removed, and 
the percentage of each secondary structure was recomputed. CD 
spectra of AD P-tau # 1 (AD P) , human R-39 tau #2 in 50% trifluoroetha- 
nol (TFE R-39), bovine tau Isolated without heating or acid treatment 
(B), AD P-tau #2 dephosphorylated with hydroflourlc acid (HF AD P). 
and R-39 human tau #2 (R-39) were plotted. Alkaline phoshatase 
treated AD P-tau was not included. 
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signal could be observed and the 195-245 nm signal 
could be smoothed. The concentrations of the filtered 
protein solutions were measured using the methods of 
Bensadoun and Weinstein (1976). Each spectrum was 
normalized to the moles of protein contained and its 
theta spectrum computed. Theta values from 195-245 
nm at 1 nm intervals were employed to estimate 
percent aromatics and protein secondary structures of 
a -helix, p-turn, unstructured coil, and 3-sheet using 
the Lincomb algorithm (Perczel et al. ( 1991). Since 
percentages in Table I were based only on protein 
secondary structure, the aromatics were removed and 
the secondary structure percentages recalculated. Since 
all the tau secondary structures were calculated simi- 
larly, we felt that even if systematic error were present 
altering absolute secondary structure percentages, dif- 
ferences would be real. Two samples or more of each 
type of tau were deconvoluted, and the percentages of 
each secondary structure were averaged. The uncer- 
tainty of each secondary structure percentage was the 
standard error of the mean. The inverse temperature 
transition was calculated at 197 nm because it is 
representative of the coil maxima at 196 nm and is 
more readily smoothed to remove noise than 196 nm. 

Preparations of transmission electron 
microscopy specimens 
Negative staining preparations 

Unfiltered AD P-tau #1 was negatively stained with 
2% uranyl acetate (pH 3.8) on —10 nm double indirect 



TABLE I. Circular diciiroism estimate ofp-shect secondary structure of the microtubule associated 
protein tau correlated with degree of aggregation by transmission electron microscopy 
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p-turn 
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0-sheet 


Aggregation 
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AD P-tau' (sample*]) 


0.0 


36.8 ± 0.7 
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0.0 
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0.0 
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68.0 ± 3.5 


28.9 ± 2.5 
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64.3 ± 0.2 


7.4 ± 0.7 
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20.0 


38.0 


42.0 


0.0 




Bovine tau, sequence 












prediction 7 


23.0 


38.0 


39.0 


0.0 




Bovine elastin, 












sequence prediction 7 


21.0 


35.0 


44.0 


0.0 





'Alzheimer's disease hyperphosphorylated tau (AD P-tau) isolated in the absence of heating or acid pH by the methods of 
Kopkc ct al. (1993). The tabic values arc the average of similar secondary structure values derived from CD spectra at 5, 
1 5 r and 35*C for sample # 1 . Sample #2, which had been precipitated with 80% ethanol, appears to have increased coil and 
decreased fJ-turn content. Aggregation was equivalent to sample #1. 

z AIkaline phosphatase treatment of AD-P tau removes —90% of its phosphate groups (unpublished observation). 
3 AIzheimer's disease hyperphosphorylated human tau dephosphorylated with hydroflouric add treatment (HF AD P-tau) 
at 4*C according to Greenberg et al. (1992). This CD secondary structure percentage Is the average of sample #1 and #2 
secondary structures at. 5*C. 

^Recombinant human tau 39, R-39, isolated as described previously (Singh ec al., 1995) using heat and acid pH. The 

average secondary structures of samples # 1 and #2. The CD spectra were taken at 5*C. 

-"'The recombinant human tau 39, R-39, solution from sample #2 (see footnote 4) was diluted with trltlouroethanol (TFE) 
until the soluUon was 50% TFE. 

c Bovine tau was isolated without using heat, acid treatment, or lyophitization. 
7 See Ruben et al. (1991) for the derivation of these estimates. 

Aggregation scale ranges from most aggregated (+ +•»■++) to least aggregated (0). This information was derived from 
TEM images of tau aggregation on silver filters. 
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carbon film treated with 25% glutaraldehyde vapor at 
room temperature for 3 h (Ruben et al. ( 1988) and 
appears in Figure 4. Unfiltered HF AD P-tau and AP AD 
P-tau were also prepared, but no aggregation was 
apparent. Only HF AD P-tau f s freeze-etch results are 
presented since this sample was assumed to be com- 
pletely dephosphorylated (Greenberg et al. t 1992). 

Sample preparation on 0.2 jjtra porosity silver 
filters for freeze- drying and vertical Pt-C 
replication 

Tau solutions (35-250 pg/ml) in 50 pi aliquots were 
placed at the center of the 13 mm 0.2 pm porosity silver 
disc at room temperat ure (~20°C) on the spin axis of a 
table top centrifuge and spun until the drop spread out 
radially from the center of the filter and thinned as it 
disappeared over the edge of the silver filter. The filter 
was removed from the centrifuge and washed thor- 
oughly with distilled water in a Boyden chamber filter 
unit (Ruben et al., 1992). The filter was plunge-frozen 
in liquid propane cooled with liquid nitrogen and later 
freeze-dried at -80°C for 1.5 h in a modified Balzers 
300, replicated with 0.93-1.0 nm Pt/C and coated with 
12.1-12.8 nm rotary deposited carbon applied in two 



Fig. 2. a: CD spectrum of AD P-tau at 5, 25, 55, 75, and 85°C. 
Circular dichroism spectrum of -160 ug/ml of AD P-tau #1 In 50 mM 
sodium phosphate, pH G.5, as a function of temperature from 5-85*C. 
The mean residue eiipUciiy (O) was based on the human tau sequence 
and an average amino acid molecular weight of 104. This AD P-tau has 
a mixed phosphorylation state of —7.57 ± 1.54 niol P/396.5 amino acid 
tau (average tau sequence of six alternately spliced tau isoforms with 
a mol. \vt. of 41,318 g). b: CD spectrum of HF AD P-tau at 5 , 25, 45, 55, 
and 65*C. Circular dichroism spectrum of —50 ug/ml of HF AD P-tau, 
sample #2, in 25 mM sodium phosphate, pH 6.5, as a function of 
temperature from 5-G5'C. The mean residue eliptlcity (8) was based 
on the human tau sequence and an average amino acid molecular 
weight of 104. This HF AD P-tau has almost all of the phosphates 
removed with <1 mol P/396.5 amino acid tau. c: CD spectrum of 
human R-39 tau at 5, 25, 40, 55, and 75"C. Circular dichroism 
spectrum of -250 p^/mi of R-39 tau (sample #2) in 25 mM sodium 
phosphate, pH 6.5. as a function of temperature from 5-75°C. The 
mean residue elipikity (O) was based on the human tau sequence and 
an average amino acid molecular weight of 103.9. R-39 tau Is 
unphosphorylaied (410 :unino acids, mol wt. 42,603 g/mol). d: CD 
spectrum of bovine tau tau) at 5, 25, 40, 55, and 70°C. Circular 
dichroism spectrum of —75 ug/ml of bovine tau in 25 mM sodium 
phosphate, pH 0.5. as a function of temperature from 5-70°C. The 
mean residue eiipticiiy (OJ was based on the bovine tau sequence and 
an average amino acid molecular weight of 103.4. This B tau has a 
mixed phosphorylation state averaging ~-3.1 ± 0.4 mol P/384 amino 
acid tau (average tau sequence of six alternately spliced tau isoforms 
with a mol. wt. of 39 ,706 g). This sample was isolated without heat, 
acid, or lyophiii nation treatment to preserve its native secondary 
structure, e: Ir.versi: temperature transition, T t . in AD P-tau (A). HF 
AD P-tau (H) : human R-39 tau (R), and bovine tau (B), The theta 
values at 197 nm as a function of temperature from 5-75*C. The 
inverse tempera sure transition in bovine tau has been previously 
described by Rubon jL ai. (1 99 i ). Dephosphorylated AD P-tau, HF AD 
P-tau (H). and R-3-J tau (R) show inverse temperature transitions. AD 
P-tau #1 (A|) and AD P-tau #2 (A 2 ) have inverse temperature 
transitions which are complete at about 55*C. The bovine tau (B) 
isolated without being .subjected to heating, acid pH, or lyophilization 
has an inverse temperature transition from 5-35*C, but above this 
temperature theia at iy? nm decreases, indicating the formation of 
coll with increased mmperature. 




Fig. 3. Sodium dodecyl sulfate-polyacrylamide gel electrophoretic 
pattern of R-39 tau. B tau, and AD P-tau. Lane 1 : Recombinant human 
tau R-39. Lane 2: Bovine tau. Lanes 3-5: Alzheimer disease abnor- 
mally phosphorylated tau (AD P-tau). Lanes 1-3: Comassie blue 
stained pattern. Lanes 4,5: Western blot developed with phosphoryla- 
tion-dependent monoclonal antibody Tau-1; lanes 4 and 5 treated and 
untreated, respectively, with alkaline phosphatase on the blot prior to 
immunostaining. 



steps (Ruben, 1989). The replica was removed from the 
filter by floating the silver filter on a saturated potas- 
sium cyanide solution overnight or until the silver was 
dissolved. 

This reaction is driven by air oxidation and works 
even in a covered petri dish (Ruben et al., 1996). The 
replica was floated on a saturated KOH solution over- 
night to remove the sample and then washed on 
distilled water for 24 h before being picked up on bare 
300 mesh copper grids. A silver filter without any 
sample was also replicated in the Balzers 300 with 0.93 
nm Pt-C and rotary carbon coated in two steps with 11.6 
nm (Ruben, 1989). The silver filter was digested from 
beneath the replica as described and mounted on a bare 
300 mesh copper grid. 

Transmission electron microscopy 
and photographic methods 

The replicas and negatively stained samples were 
examined with a JEM 1 OOcx with a lanthanum hexabo- 
ride filament, using a 400 pm condenser and a 40 pm, 
60 pm, or a 120 pm objective apertures. Both 80 kv and 
100 kv accelerating voltages were used. The replicas 
(0.98-1.0 nm Pt-C) and negatively stained sample 
images were not better than 0.6-0.7 nm resolution. The 
0.93 nm Pt-C film on the bare silver filter was not better 
than —0.45 nm resolution. The negatively stained 
images were printed directly from the TEM negatives. 
The TEM negatives from the replicas were used to 
make reversal negatives as described before (Ruben, 
1989). The reversal negatives were printed on 8" x 10" 
Ilford Multigrade II fiber based paper enlarged 2.5 
times on a Durst 1200 point source enlarger with an 



Fig. <i. r-.'cR.-iMvcly sini-i.-.! AD P-tau #1 (160 ug/ml) in 50 mM 
NaMPO, (pi I fi.rjj iipi,:»i,iw'y si.-iinrd with 2% uranyl acetate (pH 3.8) 
on — 10 inn (i(u:ij]r hniiiw . ;.tbr::: films. A: AD P-tau forms globular 
condense* . ! «ell -is cm- • ;i condensates. The globular particulate 
struct-. i i-.-s i f ':!ij;i' (a ni — 7 i. i ia ~<M nm. The less regular condensates 
are ku'gi r. ;nni ihvy :<\ r :\< ■ \\* ;t< — 600 nm and as wide as —200 nm. 
The surfac< ( <i t ho r.u : nn 1< . .ti.so appears to be covered with thinner, 



less prominent condensed structures. No paired helical filaments were 
found in this preparation. X 70,000. B: A large L-shaped irregular 
structure is —22 1 nm long with widths of 25-42 nm. The irregular long 
structure to its right is -235 nm long and varies in width from 
12.6-29.4 nm and contains three globular sections. The carbon film 
surface is covered with thin, irregularly shaped condensates as in A. 
X245.000. 
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Fig. 5. A: Freeze-dried and vertically Pt-C replicated AD P-tau #1 
in 50 mM NaHPO* (pH 6.5) was spread on a 0.2 urn silver filter, 
washed, frozen, and freeze-dried. This sample was vertically repli- 
cated with 0.98 nm Pt-C and rotary carbon coated with 12.1 nm. The 
grid with replica was tilted 40* in the TEM so that the polycrystalllne 
silver hills in the background were easily seen. The aggregated AD 
P-tau covers the poly crystalline silver hills as either an interconnected 
network of ridges or as a continuous film or a film with holes. At the 
lower left the AD P-tau condensate looks particulate with similar 
features as in the negatively stained images in Fig. 4. A small piece of a 
collagen I-Hke filament is visible at the left side of the image. No 
PHF-like filaments were seen. The large, irregular AD P-tau conden- 
sates present in the negatively stained preparation were probably 
removed by the initial 0.45 pm filtering or were removed from the filter 
surface during the extensive water washing. An AD P-tau sample in 25 
mM sodium phosphate, pH 6.5, gave similar results. X 27,000. B: 
Freeze-dried and vertically Pt-C replicated HF AD P-tau #1 in 25 mM 
NaHP0 4 (pH 6.5). This sample was spread and replicated like the AD 
P-tau in A, and the grid with replica was also tilted 40* in the TEM to 
obtain this image. The arrows point to small, fine condensates on the 
surface of the silver filter. This HF AD P-tau sample was replicated 
with the same thickness of Pt/C and carbon as in A. The edges of the 
crystalline layers in the surface of the silver are visible in this image, 
indicating that the surface is not covered with condensed tau as in A. 
This HF AD P-tau image clearly shows that the extensively aggre- 
gated AD P-tau condensates have been abolished by dephosphoryla- 
tion with hydroflouric acid treatment X 24,000. C: Freeze-dried and 
vertically Pt-C replicated R-39 tau #1 (control) in 25 mM NaHP0 4 (pH 
6.5). R-39 tau was spread, washed, freeze-dried, and replicated exactly 
like AD P-tau in A and HF AD P-tau in B. The grid with replica was 
also tilted 40" in the TEM to obtain this image. The edges of the 
polycrystailine silver layers in the surface are visible almost every- 
where on the silver hills, indicating aggregation is absent. The 
particulate material in this image is probably undissolved freeze-dried 
R-39 tau. The aggregation in A appears to be a unique property of AD 
P-tau. X27.000. 




Fig. 6 (Legend on facing page.) 
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apochromatic 150 mm lens. The 1 million limes enlarge- 
ments were made with an apochromatic 80 mm lens. 

RESULTS 
Circular dichroism of tau 

The secondary structures of tau preparations re- 
ported here were strongly influenced by their method of 
preparation. The most widely used purification method 
subjects tau to pH 2.7 and a brief exposure to 100°C 
(Grundke-Iqbal et al., 1986a; Lindwall and Cole, 
1 984a,b) which not; only preserves its ability to promote 
microtubule assembly but produces a tau that is mostly 
unstructured coil. Hydrogen fluoride treatment of AD 
P-tau (HF AD P-tau) removes close to 100% of the 
phosphate groups, but it also removes internal hydro- 
gen bonds producing mostly random coil. Lyophiliza- 
tion of samples containing mostly coil produces a 
variable but substantial p -sheet content. Tau prepara- 
tions that more closely represent Oie native secondary 
structure were isolated in the absence of acid pH and 
heating. AD P-tau #1 and bovine tau (B tau) were 
preparations or this type. AD P-tau #2, unlike AD P-tau 
#1, was treated with alcohol before being lyophilized, 



Fig. 6. A: High magnification image of freeze-dried. vertically 
replicated AD P-tau # 1 in 50 mM NaHP0 4 {pH 6.5) spread on a 0.2 pm 
silver filter, washed, frozen, and freeze-dried. This sample was verti- 
cally replicated with 0.93 urn P::-C and rotary carbon coated with 12.1 
nm. This image shows condensed AD P-tau forming ridges 7-20 nm 
wide that stand above tht: surface with the ends of the AD P-tau 
monomers protruding from i\vc i idgos. The width of the monomers, *~1 
nm. was corrector for ch*.-; rm;ial coating by subtracting 0.45 nm from 
the metal film thickness and subtracting 0.53 nm of Pt-C from the 
width of each metal-coated monomer. There are also AD P-tau lying 
horizontally on the surface with the silver suiface visible between 
molecules adjacent to the ridges. The ridges show none of the 
periodicity of PHF. The ridges also form branching Junctions with 
three or four (Fig. 5A) connecting r idges, unlike normal PHF which do 
not branch, x 1 ,000.000. B; I [j.>h magnification image of freeze-dried. 
vertically it-plicated HF AD P-iau H2 (50 pg/ml) in 25 mM NaHP0 4 (pH 
6.5) spread on a 0.2 pm silver filter, washed, frozen, and freeze-dried. 
This sample was vertical!}' replicated with 1.0 nm Pt-C and rotary 
carbon coated with IH.8 nm. E ! .y dephosphorylatlng with HF, we 
abolished the AD P ridges in A. The HF AD P-tau shown here contains 
individual chains that at e —0.5 nm wid« after correcting for the metal 
coating (0.5."' nm of Pi-C w*ts subtracted from the Pt-C coated 
filaments). The tau in this imagt: nre irregular, with a width of —0.5 
nm, the approximate diameter tifan extended amino acid chain. Many 
of the tau are associated since the small aggregates frequently branch 
and separate into —0.5 run chains. Some tau molecules double back on 
themselves, suggesting they are self-associated. XI, 000,000. C: High 
magnification image of freeze-dried, vertically replicated Bovine tau 
(-75 ug/mi) in 2f> m.M NaHP0 4 {pi-! 0.5) spread on a 0.2 \im silver 
filter, washed, frf.v.en, and fn-.. -/.e.-dr it :d. This sample was vertically 
replicated with nm Pt-C and rotary carbon coated with 12.1 nm. 
The surface of the silver niter is coated with short sections of bovine 
tau which visualized in sieiv.u images extend above the surface 
towards ihs observer. Wh^v she lan extend parallel with the suiface. 
their widih is nfu.-n — 1 .0 nm aft.-r correcting for the Pt-C coating {0.53 
nm is subir.icted hum ihe Pt-C coated chains). These tau appear 
unassociated with oih<T i;.ui. x 1,000.000. D: Control silver filter 
surface coated wKh lUh'S nm Pt-C and 1I.G nm rotary carbon. The 
vertical Pt-C deposit ion on silver produces a metal-coated surface with 
very short ineial chains uf -0.5 nm in width. The width of these metal 
film structures is less than half to a third the width of any of the Pt-C 
coated tau monomers in A-C. X 1 ,000,000. 



which probably accounts for the reduction in its p-turn 
content. 

CD spectra of R-39 tau alone and in 50% trifluoroetha- 
nol, AD P tau # 1 , HF AD P tau, and a nonconventionally 
isolated bovine tau (B tau) are shown in Figure 1 . The 
percentages of a-helix, p-tums, coil, and p-sheet second- 
ary structure for each of these samples are reported in 
Table I along with AD P-tau #2 and an alkaline 
phosphatase dephosphorylation of this same AD P tau 
#2 (AP AD P-tau) not shown in Figure 1. AD P-tau #1 
with the highest level of aggregation had 36.8% p-turn, 
6.8% 0-sheet, and the rest of its secondary structure in 
the form of unordered coil. AD P-tau #2 was isolated 
similarly to AD P-tau #1 except that it was precipitated 
with 80% ethanol prior to lyophUization. AD P-t:au #2 
had a p-turn content of 10.4% with p-sheet remaining 
unchanged at 7.8%, and the unordered coil correspond- 
ingly increased. This sample was also highly aggre- 
gated. Dephosphorylation of AD P-tau using alkaline 
phosphate treatment removed —90% of the AD P-tau 
phosphates (unpublished observation); AP AD P-tau 
was boiled and alkaline phosphatate-precipitated, and 
the supernatant was lyophilized and washed twice with 
ethanol. A second method utilized HF to remove all the 
phosphates (Greenberg et al., 1992): AD P-tau was 
methanol-precipitated and treated at 4°C with 48% HF 
overnight and then lyophilized. As shown in Table 1, HF 
AD P-tau contained 3. 1% a-helix, no p-turns, and 28.9% 
P-sheet, with the rest unordered coil. The AP AD P-tau 
contained 41.8% p-sheet and no p-turns. The AP AD 
P-tau was only slightly more aggregated than the HF 
AD P-tau and is not shown. Both AP AD P-tau and HF 
AD P-tau preparations were markedly less aggregated 
than the AD P-tau preparations. R-39 tau isolated with 
acid and heat and then lyophilized contained 19.7% 
P-sheet, with the rest unordered coil, but, when com- 
bined with 50% trifluoroethanol to stabilize a-helix, its 
secondary structure was 15.6% a-helix, 18.2% p-turn, 
with no p-sheet. R-39 tau in 50% trifluoroethanol was 
unaggregated but was lightly aggregated in the ab- 
sence of trifluoroethanol. Unaggregated bovine tau (B 
tau) was isolated without heat or acid treatment, 
contained 5.1% a-helix, 23.1% p-turns, and 7.4% p-sheet, 
with the rest unordered coil; we had expected higher 
values for a-helix and p-turns which were likely re- 
duced by the presence of protein contaminants (lane 2, 
Fig. 3). 

Figure 2a-d shows the change in CD spectra accom- 
panying an increase in temperature from 5°C to 65- 
85°C for AD P-tau #1. HF AD P-tau #2, R-39 tau, and B 
tau. Each family of curves has a theta value at 197 nm 
recorded in Figure 2e as a function of temperature. Half 
the total change in theta with t emperature at 1 97 nm is 
the inverse temperature transition (TJ. The change in 
AD P-tau #2 (A 2 ) theta with temperature was also 
included in Figure 2e. Both AD P tau #1 (AO and #2 (A 2 ) 
show a T t at 20°C (50 mM sodium phosphate, pH 6.5) 
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Fig. 7 (Legend on facing page.) 
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and 28°C (25 mM sodium phosphate, pH 6.5). respec- 
tively, where the 50 mM phosphate concentration is 
estimated to have reduced T t by 4-5°C (Urry, 1993). HF 
AD P-tau (H, Ti - 38°C) and R-39 tau (R, T, = 37.5°C) 
in Figure 2e both continue to increase beyond 65-70°C 
just as the original bovine tau (Tj = 32°C) (Ruben et aL, 
1991) isolated like R-39 tau. The only tau with a 
truncated (5-3 5 °C) inverse temperature transition is 
bovine tau (B). where the decrease in theta above 35°C 
probably results from the presence of protein impuri- 
ties (lane 2, Fig. 3) rather than being a property of B tau 
itself. It should be noted that tau samples undergoing 
the inverse temperature transition which contain more 
unstructured coil also show a greater change in the coil 
signal at 197 nm. 

Transmission electron microscopy of 
Alzheimer's disease abnormally phosphorylated 
tau (AD P-tau) and dephosphorylated 
HF AD P-tau 

High resolution TEM was primarily used to estimate 
the aggregation of tau al ter spreading each sample on a 
silver filter, followed by thorough washing to remove 
unaggrega ted tau with room- temperature water. Nega- 
tive staining revealed aggregation only in AD P-tau 
samples. Estimates of total aggregation based on verti- 
cally replicated lau images are included in Table I. The 
characteristics of sample aggregation are described 
below. The aggregation of AD P-tau, low in (S-sheet, is 
more extensive and dearly diiferent from aggregation 
in tau samples high in \\ -sheet . Tau samples with little 
or no p-turns but high in unordered coil had extended 
chain diameters of —0.5 nm. AD P-tau #1 and B tau 
which contained substantia ! p-turns (3G.8% and 23.1%) 
and coil had diameters of —1.0 nm, the cylindrical 
diameter of p-spiral since there was either none or very 



Fig. 7. A: Miyli magnification minge of freeze-dried, vertically 
replicated R-39 l:su n {~2i">0 pg/ml) in 25 mM NaHPO* (pH 6.5) 
spread on a 0.2 pm silver filter, washed, and frozen for freeze-drying. 
This sample was vertically :r plicated wiih 1.0 nm Pt-C and rotary 
carbon coauui with VI. 1 nm. The R-30 tau is routinely Isolated using 
both 100'C for —5 irtin ami an ncid pH cf 2.7. Where single fine 
filaments are Wsibk 1 (anov. s), t.h- y arc fr<rf|uent.ly —0.5 nm wide (0.55 
nm issuim acu-u nom the liLnnei us to remove the Pt-C coating). There 
are also fine I'tlaim-ms wiikh npjiear io be self-associated and associ- 
ated with other rrm tn.*.!<Tijl*'s. x ! .033.000. B: High magnification 
image of fret:zy-di ivd, vertically implicated Bovine tau (—75 ug/ml) in 
25 mM NaHFO., IpH G. fj) s\n cau on a 0.2 pm silver filter, washed, and 
frozen for jVe*.'/e di vi:u>. This sample was vertically replicated with 
0.98 nm Pt-C aivt roiary carbon .voaUHl with 12.1 nm. In contrast to 
R-39 tau in A, bovine tau was ibciatctl without using heat, add pH, or 
lyophilizat.ion am! crjinniii:>u-hdi.v and |J- turns as part of its secondary 
structure (soe Table I). Tin- In. vine Lau monomer fine filaments 'widths 
are larger (—1.0 nm) ihan tin..- chain widths in the R-39 image (—0.5 
nm) (0.53 nm is .subtracted from the Pt-C waled chains). XI, 033,000. 
C: Control silver lille: sutfoi e eoah-il ^v i t h {)£:?> :nn Pt-C and 11.6 nm 
rotary carbon. Tin; vet' teal Pi C deposition on silver produces a 
metal-coaled sui [are wi:h very short metal chains of —0.5 nm in 
width. The width ui tbv^e meLtl Jnm structures is less than half to a 
third the width of any of th*.* Pt-C celled tau monomers in A or B. 
XI, 03 3.0(H). 
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little ot-helix present (Ruben et al M 1991). The only 
exception to this pattern was the R-39 tau in 50% 
trifluoroethanol (TFE). This sample contained 18.2% 
P-turn, 15.6% a-helix, with the rest coil, but its chain 
diameter was mixed and alternated between short 
regions of —1.0 nm diameter and longer regions of —0.5 
nm chain diameter, it appears that 50% TFE does not 
stabilize a p-spiral structure like it does a-helix. 

The aggregation of AD P tau #1 and #2 in low and 
high magnification images as well as stereo images has 
been well documented. Negatively stained unaltered 
AD P-tau #1 is shown in Figure 4A,B. This specimen 
has a range of irregular complex structures as large as 
200 nm x 600 nm which do not resemble paired helical 
filaments (PHF), and no PHF have been observed in 
this preparation. Higher magnification (Fig. 4B) shows 
not only large structures (25-42 nm X —221 nm) but 
contains many more subtle, irregular film- or sheet-like 
structures and particles. Vertically replicated AD P-tau 
#1 is shown in Figure 5A. It was prefiltered with a 0.45 
uni Millipore centrifuge filter for the CD spectra and 
later spread on a 0.2 urn silver filter with polycrystal- 
line silver hills which form the background beneath tau 
and its aggregation structures. The sample and filter 
were thoroughly washed with distilled water. Only 
aggregated AD P-tau adhering to the filter surface 
remained. Figure 5A lacks the larger agglomerations 
seen by negative staining, but it nevertheless clearly 
shows a network of condensed tau with junctions of 
three to four connections. These aggregated networks 
are also connected to continuous films of AD P-tau. This 
aggregation was likely present in the original solution 
of 25 mM or 50 mM sodium phosphate, pH 6.5, and 
remained after washing; this sample was never lyophi- 
lized before it was spread on the silver filter. Figure 5B 
shows lyophilized HF AD P-tau that had been resus- 
pended in 25 mM sodium phosphate, pH 6.5, and 
filtered with an 0.45 um Millipore centrifuge filter 
before the CD spectrum was recorded and this sample 
prepared. Aliquots of 50 pi were later spread and 
washed on 0.2 urn silver filters. Prior to filtration HF 
AD P-tau was also negatively stained like AD P tau, but 
no aggregation was apparent (not shown). The polycrys- 
talline planes in the filter surface are easily seen in 
Figure 5B, and they are unobscured in contrast to the 
silver filter in Figure 5A. Only small, isolated branched 
figures of aggregated HF AD P-tau remain, and the 
extensive AD P-tau aggregation in Figure 5 A was 
abolished. Alkaline phosphatase-dephosphorylated AD 
P-tau also removed aggregation (not shown). Figure 5C 
shows the recombinant R-39 tau, lyophilized, resus- 
pended in 25 mM sodium phosphate, pH 6.5, and 
filtered for the CD spectra and for TEM. Large pieces of 
undissolved R-39 tau are present, but the polycrysta- 
line planes in the silver filter are easily observed and 
are not obscured by aggregated tau. Undissolved R-39 
tau does not fall under our definition of aggregation and 
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was therefore discounted. Figure 7 A shows higher 
magnification images of R-39 tau. 

At high magnification, Figure 6A shows a small area 
of the AD P-tau # 1 network previously shown at lower 
magnification in Figure 5 A. Tan molecules adhere to 
the surface between the network of ridges. The AD 
P-tau in the network appears associated with adjacent 
AD P-tau, with their long axes oriented approximately 
parallel; as a consequence, the —1.0 urn diameter AD 
P-tau monomers protrude from the network ridges. 
Unlike PHF, the network ridges are of variable thick- 
ness, arc not helical, and form junctions with three and 
four connecting riders. The hydrofluoric acid-dephos- 
phorylared AD P-tau in Figure 6B (H FAD P-tau) shows 
tau on the surface of ihe silver filter with the extensive 
aggregation of AD P-tau absent. The tau monomer 
chains average —0.5 nm in diameter, the same as that 
of random coil. The FIF AD P-tau is frequently associ- 
ated with other tau as well as self-associated. This 
image correlates with its secondary structure of 68% 
unstruci urccl cot! and 28.:)% p-shect. In contrast, the 
bovine inn in Figure 0C is not aggregated and has a 
monomer diameter oi" — ) .0 nm. This B tau preparation 
con rains 5.1 % -a - ! i e ! i x . 2 3 . IV u j M:u r n , 7 . 4% p -sheet, and 
66.4% unstruci u red roil. The B tau in Figure 6C and AD 
P-tau #1 in Figure GA share a common tau monomer 
diameter of ~- 1.0 nm, whereas the HF AD P-tau chain 
has a diameter of only -0.5 nm. None of these features 
is present in the control Pr-C metal film on the silver, 
which appears uniform with structures less than one- 
half to ono-ihird ihe diameter of the Pt-C coated tau 
(Figs. GD, 7C). 

At; high magnificai ion {Pig. 7 A) recombinant human 
tau . R -3 0, ( H J . 7% p -sh ee i ) was co m pa red to B tau 
(-5.1% (v-helix, -23.1% jMum, -7.4% [4-sheet). The 
R-39 tau chains have: a diameter of —0.5 nm. Some of 
the R-39 chains are self-aggregated and aggregated 
with other ran. These TFM observations qualitatively 
support R-39 taus reporter 1 secondary structure esti- 
mate in Table .1. B tau (Fig. 7B) contains monomer 
chains with a diamet er of *~ \ .0 nrn and a very low 
frequency of —0.5 nm molecular chains and a few 
asso c i a t ed o r t a 1 1 g J ed r h a ins. 

DISCUSSION AND CONCLUSIONS 

Correlation of tavu's secondary structure 
with TKM images 

Human tan's largest isoform is 441 amino acids and 
can range in length i?om 32.5-1 12 nm, with its second- 
ary structure displayed nl'-ng its backbone (Ruben et 
al., 1991). In this section, no focus on the presence of 
ot-helix, p-tums, and unsi ruci ured coil in tau samples 
prepared on silver fillers and discuss p -sheet later. R-39 
tau ; HF AD P-tau, and AP AD P-tau when unassociated 
or entangled had chain diameters of — 0. a nm (Figs. 6B, 
7 A. 9)-- thai, of u no tun ed roil. In contrast, AD P-tau #1 



and bovine tau had diameters of —1.0 nm (Figs. 6A,C, 
7B). The ot-helix content in these preparations was not 
sufficient (0 or 5%) to account for a —1.0 nm chain 
diameter. With 36.8% and 23.1% 0-turns and 57.1% and 
64.3% coil, respectively, the —1.0 nm diameter tau 
chains are due to a p-spiral structure (p -turns inter- 
spersed with coil) described previously (Ruben et al., 
1991). Although AD P-tau #2 was isolated similarly to 
AD P-tau #1, this preparation was rinsed with alcohol 
and lyophilized. This treatment reduced its p-turn 
content to 10.4% — insufficient for p-spiral structure — 
and therefore had a chain diameter of —0.5 nm. 

Traditionally tau has been isolated by exposing each 
preparation to heat and acid pH treatment (Lindwall 
and Cole, 1984b). Tau isolated by this method has its 
phosphorylation state unchanged, is pure, and is able to 
stimulate microtubule assembly. Using heat- and acid- 
treated tau, we have been unable to reconstitute triple - 
stranded left-hand helical 2.1 nm tau polymers previ- 
ously observed in neurofibrillary tangles and in bovine 
tau preparations (Ruben et al., 1991, 1992). Using a 
mixed microtubule associated protein (MAP) purifica- 
tion which does not require heat or acid treatment, we 
have observed 2.1 nm MAP polymers longitudinally 
associated with microtubules (Ruben et al., 1996). An 
isolation procedure that avoids heating and acid pH 
treatment should probably be able to produce 2.1 nm 
tau polymers. 

AD P-tau is aggregated in solution 

Apparently AD P-tau is aggregated in solution since 
it sediments between 27,000# to 200,000# and is pel- 
leted, whereas normal tau in solution does not pellet at 
these forces (Alonso et al., 1994, 1996; Kopke et al., 

1 993) . Reflecting its solution status, AD P-tau #1 and #2 
were settled on silver niters in aggregated form and 
remained aggregated through the washing procedure 
(Figs. 5 A, 6A, 8, 9). Its settled structures did not include 
PHF. Both AD P-tau #1 and #2 were more aggregated 
than any tau listed in Table I, and their secondary 
structures contained only 6.8 or 7.8% 0-sheet. The CD 
deconvolution algorithm that we used was more accu- 
rate than one previously described (Schweers et al, 

1994) . The Lincomb method (Perczel et al., 1991) 
estimates the percentages of ot-helix, 0-turns, unstruc- 
tured coil, 0-sheet, and aromatics. The aromatics were 
then eliminated, and the nonzero protein secondary 
structures were increased accordingly in Table L In a 
previously published estimate of tau's secondary struc- 
ture by CD deconvolution, 0-turns and aromatics were 
not taken into account (Schweers et al., 1994). 

Abnormal phosphorylation correlates with 
aggregation, but the magnitude of p -sheet 
secondary structure does not 

We found no correlation between AD P-tau aggrega- 
tion and p-sheet content (Table I). There was, however, 
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a very strong correlation with abnormal levels of phos- 
phorylation. Hydrofluoric acid appears to dephosphory- 
late AD P-tau completely (Greenberg et al., 1992). 
Samples were lyophilized after HF treatment at 4°C, 
resuspendecl in bmTer For CD. and spread on silver 
filters. Unaltered HF AD P-tau was also negatively 
stained but showed no detectable aggregation. The high 
p-shcet in HF AD P-tau #1 (33.8%) and #2 (26.0%) was 
likely due to the lyophilizntion of a preparation high in 
coil. The aggregation in both HF AD P-t;au samples was 
<30% of the AD P-tau (Figs. 513, uB, 10). AD P-tau 
dephosphorylated with alkaline phosphatase (AP) to 
90% completeness was re isolated from AP with heat 
and acid treat. me ni and lyophilized, resuspended in 25 
mM sodium phosphate, pH 6.5, for CD, and again 
spread on silver fillers. The aggregation was reduced 
and was similar to 1 IF AD P-tau: <40% of that of AD 
P-tau. AP AD P-tau treated with heat and acid, lyophi- 
lized , was 41. 8 % 3 - s h e e t and 58. 2% u n or d ered struc- 
ture. Unphosphcrylated recombinant human R-39 tau 
wa s i so ! a ted fro ■ n / col i with h e a 1 1 ng and acid treat 
ment and was aiso lyophiiued. Two samples resus- 
pended in 25 mM sod i um phosphate, pH 6.5, for CD 
and spread on silver iilu.*rs were ^20% aggregated. 
Together the samples averaged 19.7% p-sheet and 
80.3% unordered structure. Bovine tau (B tau) with 
—3 . J p hos pi • a i es/ia u, i so i a ted w i thou t heat, acid treat- 
men t, or lyophili/.aiion. was composed of 7.4% p-sheet, 
similar to the AD P-tau £1 and ¥1, but was unaggre- 
gated. 

All. of the samples were isolated with di positive and 
tri positive iors chelating a^-nts (E'DTA and EGTA) and 
were suspended in a 25 m\1 or 50 mM sodium phos- 
phate, pH 6.5, buffer for CD and microscopy. Chelation 
should prevent or minimi/.e the intennolecular connec- 
tion of phosphates by di- or tri positive ion bridges. If 
this aggregation mechanism were important, B tau 
would have been aggregated with three phosphates, 
but it was not. Neither aggregation by 3-sheet, nor 
inter molecular bridging of phosphates by di- or triposi- 
tive i o n s c a n ex plain A UP-i.iu's a gg reg a t i o n . 

The lack of convlatinn between p-shcet content and 
AD P - 1; a i \ a gg r eg; i i i o n in s v l!F has also b ee t i reported . 
X- r a y s t u d i es by I < i rs c: h n e i ■ e t a I . (198 6) s ugge s ted that 
dried PI IF were associated by p -sheet, but their work 
was later contradirtc-d convincingly by x-ray and fourier 
transform infrared spectroscopy (FTIR) work that indi- 
cated there was little p-shcet in hydra ted PHF (Schwe- 
ers e f : a ! . , 19 9 A) . in addition, 1? H F h a ve b een disas- 
semblcd by dc phosphoryl; ■ ion with hydrofluoric acid 
(Greenberg et a I., H)f?2) or with protein phosphatases, 
PP-2A and PP-2B (Wang et a I., 1995). These studies 
also showed that tan's aggregation was related to 
ab ; io r: na I ; :■ hosphoi y\ a t i on and was a bsen t a fter dephos- 
phorylation. 



AD P-tau is hydrophobic and aggregates , 
hydrophobically 

Serine (S) and threonine (T) residues are sites of 
phosphorylation in tau. These residues in the 441 
amino acid human tau sequence (Goedert et al., 1989) 
are often close to positively charged lysine (pK 10.5), 
arginine (pK 12.5), or histidine (pK 6.0) residues. 
Positive charge neutralization by phosphates could 
shift tau s solution properties from hydrophilic to hydro- 
phobic. There are 21 sites in AD P-tau where phos- 
phates have been located (Brion et al., 1991; Hasegawa 
et al., 1992; Iqbal et al., 1989; Morishima-Kawashima 
et al., 1995a). A fraction of these phosphorylation sites 
is generally occupied on any single AD P-tau molecule 
(Kopke et al., 1993; Morishima-Kawashima et al., 
1995b). Nonetheless, all of these sites were examined 
for their proximity to positively charged lysines (K), 
arginines (R) , or histidines (H) in the full adult human 
tau sequence of 441 amino acids (Goedert et al., 1989). 
In Table II A, phosphorylation sites closely associated 
with positive residue sites are listed, including Thr-2 17, 
which is within three residues of Arg-221 if an adjacent 
p-turn is taken into account (Ruben et al., 1991). 
Phosphate sites farther in sequence from basic amino 
acids in Table II A are underlined. This does not pre- 
clude these phosphates being adjacent to positive resi- 
dues in tau's p -spiral structure. Ser-262 is located in 
tau's first microtubule binding repeat and has been 
shown to greatly reduce tau's microtubule binding 
(Biernatetal., 1993). 

Charge neutralization in AD P-tau would affect its 
normal isolation. Full-length tau contains more basic 
residues (44 lysines. 14 arginines. 10 histidines) than 
acidic residues (30 aspartate, 26 glutamate, 4 tyrosine) 
and has a basic protein isoelectric point (pi = 8. 19). The 
excess basic residues make it possible to maintain tau 
in a perchloric acid solution (pH —2.7) while other 
proteins precipitate — for example, MAP 2 (pi = 4.56). 
Occupation of five to nine phosphate sites appears 
sufficient to prevent AD P-tau from being solubilized by 
acidification. This has been confirmed by Alonso et al. 
(1994), who showed that acidification by HC10 4 (pH 
—2.7) maintains normal tau in solution and does not 
solubilize Alzheimer's disease hyperphophorylated tau. 
Charge neutralization also explains why AD P-tau can 
be precipitated with 35% ammonium sulphate, whereas 
normal tau requires 45% ammonium sulphate (Kopke 
et al., 1993). 

Positive charge neutralization of lower 
magnitude occurs in hyperphosphorylated fetal 
tau and normal adult tau 

Fetal tau phosphates have been found on as many as 
12 sites (Watanabe et al. f 1993; Morishima-Kawashima 
et al., 1995b). Phosphorylated serines (S) and thre- 
onines (T) close to positive residues in fetal tau se- 
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TABLE 11 Phosphorylation sites 



A. Total number of human AD P-tau phosphorylation sites 1 



I 0 0 0 II - - -K-S- - - (i 50 

51 0 B (I n n 100 

101 tl B--t-.r-.-B B II 150 

151 || B II II S\\ 200 

201 S SRSRT-S- -T- -0 RT - ■ KS B II 250 

251 ~ kO*S "..fl B B — -KS---B 300 

301 || || U || B 350 

351 || || || H-.-KS---S 400 

401 ■ -TS-RH-Sfl-Sg ||-S H || • 441 



B. Total number of human fetal tau phosphorylation sites' 



i I! II II li II 50 

51 li II II li II 100 

301 li II II II II 150 

151 |j || KT 0 Mil 200 

201 -S li T..|JR RT - - KS i |( 250 

2*1 .7 || || || || || 300 

301 II || || li || 350 

351 II II II B----KS-..S 400 

401 ■-.S-RH-SB--S If || || . f 441 



C. Total number of normal rat tau phosphorylation sites 1 



i II li li II II 50 

51 || « II || || 100 

101 II II II II II 150 

151 || ||KT || S--S || 200 

201 |1 ||RT || [| || 250 

251 I! || || (I || 300 

301 If || || || || 350 

351 || || || n S-R- - 1| 400 

401 II II II II- II 441 



'ovrine (S) and threonine (T) residues found to be phosphorylated and located close to basic residues in the 44 1 amino acid 
6t;*|uence (iysine, K; argtnine. R; histidine, H) as well as Sand Xnot close in sequence to positive charges. 



quence are in Table I IB. Phosphates not close in 
sequence to positive residues included in Table IIB are 
underlined. Fetal tau is able to stimulate microtubule 
assembly (Yoshida and lhara, 1993), whereas AD P-tau 
is unable to stimulate microtubule formation (Alonso et 
al., 1994; Iqbal ei: al, 1986, 1994). In adult rat tau a total of 
five sites were found to be phosphorylated and adjacent to 
positive charges in Tabic II C, and two (underlined) were 
not. Mapping of phosphates near positive residues sug- 
gests that AD P l an has more of these pairings with 
potentially grea tor oh a rge no u tra li zation. 

The inverse temperature transition of all tau 
preparations occurs at a higher temperature 
than that of AD P-tau, indicating that it is 
more hydrophobic 

The coil circular di.chrois.rn t:het:a value at 197 nm 
clearly increases with increasing temperature to a 
characteristic plateau value, k has been suggested that 
the clathrate water structure around hydrophobic 
groups collapses as tau shortens, bringing the groups 
closer together as in the elastic protein elastin (Urrey, 
1990, 1993). This \ ransii ion is described as the inverse 
temperature transition, since random coil is normally 
produced when a prof cm is heated from 20°C to 80°C. 
The inverse temperature transition, T it is defined as the 
temperature at ha if- maximum increase at 197 nm in 
the CD spectrum. The Tj for dephosphorylated HF AD 



P-tau was ~37.5°C and for unphosphorylated R-39 tau 
was ~38°C. For conventionally isolated bovine tau with 
—3.1 phosphates per monomer, Ti was ~32°C (Ruben et 
al., 1 991) . The Tj for AD P-tau, with five to nine phosphates/ 
monomer (AD P-tau #1 , 50 mM sodium phosphate, pH 6.5) 
was measured at ~20°C (24.5°C, Ti equivalent in 25 mM 
sodium phosphate) and -28°C (AD P-tau #2, 25 mM 
sodium phosphate, pH 6.5). According to Urry (1993), the Ti 
of an uncharged elastic protein is expected to increase with 
phosphorylation and decrease with dephosphorylation. The 
inverse temperature transition in AD P-tau decreased from 
38°C to 24.5°C or 28 ? C, confirming the occurrence of charge 
neutralization. 

Conclusions 

Tau isolated by heat and acid treatment retains its 
phosphates and can stimulate microtubule assembly. 
The secondary structure of this tau is predominately 
unstructured coil with a chain diameter of —0.5 nm. We 
isolated two tau samples, avoiding acid and heat treat- 
ments, and produced a protein with a diameter of —1.0 
nm, 23.1% or 36.8% (3-turns, and the remainder mostly 
coil. The 1.0 nm diameter is due to a (S-spiral structure 
(Ruben et al., 1991) since taus cx -helix content is too low 
to produce more than 5% of the monomer with a 1.0 nm 
diameter. The p-spiral structure is likely present in 
triple-stranded 2.1 nm tau polymer that has been 
visualized longitudinally associated with microtubules 
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(Ruben et al., 199S). When tau is mainly coil we have 
been unabic to produce 2. 1 nm tau potymer, suggesting 
that a monomer secondary structure with an —1.0 nm 
diameter is important ibr 2.1 nm tau polymer forma- 
tion, p -spiral. secondcTiy structure occurs in elastic 
proteins which shorten with increasing temperature 
and that undergo an inverse temperature transition 
(Urry, 1993). Our results show that an inverse tempera- 
ture transition occurs in t.au with either a native or a 
denatured p-spirnl secondary structure (AD P-tau #1 
and #2 in Fig. 2o). The inverse temperature transition 
is the mechani-tin by which native or denatured tau 
(—3.1. phosphides) j;nrs from an extended to a short- 
ened state as 37 5 C and Stimulates microtubule assem- 
bly (Ruben et a L 1001). 

Until now no mechanism for the formation of neurofi- 
brillary tangk-s of AO P-tau in Alzheimer's disease tau 
had been idem i Hod. We hnvc presented evidence that 
neither total p-shoot content nor a positive ion intermo- 
leculnr bridgmc; of phosphates is responsible for AD 
P-tau aggregation. Instr.ifl wc suggest a hydrophobic 
mechanism :• r agi?regai: m based on three lines of 
evidence. FirM, \wx\s phosphorylation sites on AD 
P-tau occur achnrrnt io pusi:.ive residues (—13 of 21) 
just as they do in feiai tau (—7 of 12) and in adult rat 
tau (—3 of 5). bin more charges are neutralized in AD 
P-tau. Second, ah hough tau is normally soluble in 2.5% 
perchloric ncid, A:.) P-i.m Nrsoi (Alonso et al.., 1994). AD 
P-tau can be preriph ntc-tJ V^m 35% ammonium sulfate, 
whereas normal i;»u is precipitated only from 45% 
ammonium sui;'a:t* (!0" pkfM-i.nl.. 1 993). Finally, the inverse 
temperature irau<i( ; cn, Tj. 'TAD P-tau is strongly reduced 
below body ion, p<:r ; u^o (3? C) supporting charge neutral- 
ization. A loweiv I inverse iemperat ure transition (24.5 and 
28°C) indicaies (hat AD V-\ww has properties of an elastic 
hydrophobic protein ihar coalesces and precipitates from 
solution below hodv lerrpcr.n tire at 24-29°C (Urry, 1993). 
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Figure 8 contains two stereo images of AD P-tau #1 
showing networks of ridges. In Figure 8A a network of 
condensed AD P-tau ridges appears on top of a silver 
hill and in the depression behind it. The network ridges 
appear compact, with the long axis of AD P-tau mono- 
mers protruding from the ridges. Adjacent to the ridges 
are other mostly horizontal tau molecules adhering to 
the silver surface. At higher magnification {Fig. 8B), the 
stereo images show similar networked ridges of con- 
densed AD P-tau. The AD P-tau monomers in the ridges 
protrude from them, as in Figure 6A. In the depression 
behind the silver hill, sections of the network of ridges 
show open gaps. It is doubtful that the gaps are an 
intrinsic property of the network; rather, the AD P-tau 
in the ridges may be separated in the spreading process 
or removed in the process of washing. Another image 
feature is the presence of short or punctate molecules 
on the surface. In stereoscopic imaging these molecules 
frequently appear with their long axis pointing toward 
the observer. Without stereo observation it is difficult to 
know whether the tau molecules are short pieces of 
degraded tau or extended molecules standing on their 
long axis. 

Stereo images of AD P-tau #2 are shown in Figure 9. 
AD-P tau #2 molecules are generally thinner than the 
AD P-tau #1 in Figure 8 and are often not distinguish- 
able as individuals in their association with other AD 
P-tau. In Figure 8 A there are film-like structures of AD 
P-tau at the center and bottom of the image. In the 
upper left: of this image is a network of associated AD 
P-tau, and in the upper center is a thin filament. To the 
right are small groupings of condensed AD P-tau. These 
AD P-tau structures were not evident in Figure 8, 
where the AD P-tau was deposited from a solution 
containing approximately five times higher concentra- 
tion. We suspect that these structures may have been 
present in AD P-tau sample #1 but masked by the 
network/film conformation predominant: at higher con- 
centrations (Fig. 5 A). In Figure 9B, a 2-8 nm wide 
filament extends above the surface, branching from an 
irregular filament or surface —16 nm x —108 nm. 
There are other filaments present, but none of them 
have the characteristic size or helicity of PHF. Finally, 
Figure 9C displays most of the possible forms of aggre- 
gation. At the upper right is a large sheet standing on 
its side, at the left are small groups of condensed AD 
P-tau forming particles, and at the bottom of this image 
are two small filaments. Neither of these filaments 
resembles PHF nor shows helical conformation. The 
aggregated AD P-tau structures in Figures 8 and 9 
represent the full range of the structures observed in 
the AD P-tau preparations. 

Nonenzymatic hydrofluoric acid treatment of AD 
P-tau produces —100% dephosphorylation (Greenberg 
et al., 1992), whereas the alkaline phosphatase treat- 
ment used in Table I has only —90% effectiveness 
(unpublished observation) . Figure 1 0 shows two stereo 



Fig. 8. Stereo ii ^ .ricd. vrri icilly replicated AD 

P-tau #1 {-160 j /■ i ■ vi iu-.-ii. ;:i-id. or lyuphilization 

treatment in 50 n 1 - .i ; id emi ?i ! J.2 ;idi silver filter, 

washed, and fro. ■ _ u-i 1 . simple w.-is vertically 

replicated with 0. < »■ nirbnti if^uid with 12.1 nm. 

This is the same 1 ■■ i: ri>^. .'-A ;md 6A. A: Stereo 

image, 15* tilt an 1 - . u> ii.it^vnui'.ecied condensed 

AD P-tau forms - • ■ ork u hirh con) ;iins variable 

width ridges raiij.' lift k is ;isso'.;iriU;d with 

the filter's silver i ! • • j mi cii^.'^umhli: t;r remove 



it. Individual tau molecules are also associated with the filter's silver 
surface between the connectors. X 1 50,000. B: This stereo image (5° tilt 
angle between images) shows the same high magnification section of 
condensed AD P-tau as in Fig. 6A. The AD P-tau monomer chains 
(—1.0 nm in diameter) appear to be associated longitudinally and 
stand on the filter's silver surface with their monomer ends protruding 
from the ridge's surface. Individual AD P-tau monomers also appear to 
lie on the surface between the condensed AD P-tau network's connect- 
ing ridges. X 230,000, 
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tion. X232.000. B: This stereo image (10° UJt angle between images) 
shows a ribbed filament, 2-8 nm wide, extending towards the viewer. 
At its lower end it branches from a filament —16 nm wide and —108 
nm long of no discernible regularity. Below this structure is a 
sheet-like structure on its side as well as irregular filaments 3-8 nm in 
width. At the left is another irregular branching filament. X 250,000. 
C: This stereo image (10° tilt angle between images) contains a large, 
sheet-like AD P-tau structure fringed with a transparent carbon film 
in the upper right In the upper left quadrant, small clumps of 
condensed AD P-tau form particles, 8-20 nm in diameter, that are also 
surrounded by a carbon film halo which was excluded from the 
measurement. In the lower right quadrant of this stereo pair are two 
filaments: one is 6.6-10 nm wide by —99 nm long, and the second at 
the right is 7-13 nm wide and —120 nm long. Neither of these 
filaments appears helical like the PHR x 151,000. 
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Figure 9 (Continued.) 
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i oi v ms. 1 1 of s hi v.c Tf£M frequency is low compared to the AD P-tau #2. 
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well as a few clumped R-39 tau standing on the surface surrounded by 
a carbon halo. These tau associations are similar to those seen in the 
HF AD P-tau. They are also less frequent, and no filamentous 
structures of tau monomer have been detected in this preparation. 
X235.000. 
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aggregated, although we know it is in high magnifica- 
tion i mages. This sample also has more p -sheet than 
AD P-tau but was considerably less aggregated than 
AD P-tau. 

Finally, in Figure 12 we have stereo images of B tau 
isolated without heat or acid treatment. The B tau 
monomers generally appear to have larger chain diam- 
eters than -R-39 tau or HF AD P-tau. This preparation 
has roughly the same amount of (J-sheet (7.4%) as AD 
P-tau and is unaggregated. 
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In cells infected with herpes simplex virus 1 (HSV-1), the viral proteins ICP5 (infected-cell protein 5) and 
VP19c (ihe product «<f U, 3S) are associated with mature capsids, whereas the same proteins, along with ICP35, 
are component of i.i mature capsids. Here we report that ICP35, ICP5, and U L 38 (VP19c) coalesce at late 
times pos tin lectio n nntl Turin an ti»eni tally dense structures located at the periphery of nuclei, close to but not 
abutting nuclear membranes. These structures were formed in cells infected with a virus carrying a temper- 
ature-sensitive mutation in the U L 15 gene at non permissive temperatures. Since at these temperatures viral 
DNA is made b;;i not \vm -ka^cd, these structures must contain the proteins for immature-caps id assembly and 
were therefore design tied assemblons. These assemblons are located at the periphery of a diffuse structure 
composed of proteins involved in DNA synthesis. This structure overlaps only minimally with the assemblons. 
In contrast, le^umcn ( proteins were located in asymmetrically distributed structures also partially overlapping 
with assemblons but frequently located nearer to nuclear membranes. Of particular interest is the finding that 
the U, 15 proton colocali/ed with the proteins associated with viral DNA synthesis rather than with assem- 
blons, MigjitM- ^ t . t !lie a > social ion with DNA may take place during its synthesis and precedes the 
involvement < * \s j r ;ki:> in packaging of the viral DNA into capsids. The formation of three different 
compartments omv ' ; : 4 of proteins involved in viral DNA synthesis, the capsid proteins, and tegument 
proteins su^esis tr.ai 1! -re exists a viral machinery which enables aggregation and coalescence of specific viral 
protein groups on C e h:\sis of their function. 
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U L 15 gene product, which has been associated with cleavage 
and packaging of viral DNA on the basis of analyses of a 
spontaneously arising mutant virus carrying a temperature- 
sensitive (ts) mutation in the U L 15 gene. At the nonpermissive 
temperature, cells infected with this mutant accumulate un- 
cle aved concatemeric viral DNA, and packaging into pre- 
formed capsids does not ensue (1, 26). Several other viruses 
which contain ts mutations in genes whose products are either 
capsid proteins or proteins known to be required for viral 
DNA synthesis accumulate uncleaved viral DNA (36). 

Previously, we observed that ICP35 protein was distributed 
in discrete patches at the periphery, of the nucleus late in 
infection (44). We asked whether these discrete patches also 
contained proteins associated with mature capsids, thereby 
suggesting that these sites could be sites of capsid assembly 
rather than represent a concentration of soluble proteins. We 
therefore compared the distribution of ICP35 with that of 
ICP5 and U L 38 (VP19c). Relevant to this are the following 
points, (i) The U L 26 gene encodes a protease precursor, Pra 
(19). A transcriptional unit designated U L 26.5, 3' coterminal 
with the U L 26 gene, yields ICP35cd (18). Both the protease 
precursor Pra and the ICP35cd protein are cleaved by the 
protease to yield several sets of products. ICP35cd is cleaved to 
yield ICP35ef and a small carboxy-terminal peptide (19). Pra is 
cleaved to yield the mature protease, a polypeptide designated 
JCP35ab, and the same small carboxy-terminal peptide as that 
cleaved from ICP35cd (10, 12, 20). ICP35ab, ICP35ef, and Prn 
(the amino-terminal cleavage product of Pra) form the scaf- 
folding of the capsid. Upon packaging of viral DNA, only Prn 
(VT21) remains in the capsid (14, 25). Monoclonal antibody 
1-1725 reacts with an epitope present in Pra, ICP35ab, ICP35cd, 
and ICP35ef but not in Prn (3, 4, 18). This antibody therefore 
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FIG. 1. Schematic representation of the sequence arrangements of HSV-1 
(F) DNA and of the plasmids used to construct the GST fusion with the U L 38 
ORR line 1, sequence arrangement of HSV-1 (F) DNA. Open boxes, internal 
repeat sequences flanking the unique long (Ul) and unique short (U s ) regions; 
line % sequence arrangement of pRB210 containing the U L 37, U L 38, and U L 39 
ORFs located within the /findlll K fragment of HSV-l(F) DNA; line 3, se- 
quence arrangement of pRB4954 containing the Sali-Kpnl fragment from 
pRB210 cloned into the pGEM3Z vector and encompassing the entire U L 38 
ORF and a portion of the U L 37 ORF; line 4, 864-bp Aval fragment from 
pRB4954 encoding theN-tenninal 277 amino acids of U L 38 cloned into the^4val 
site of vector pGHX-2T, creating pRB4955; line 5, pRB4955 digested with 
pPuMI and £t»RI (site present in vector poh/linker), with the ends made blunt 
and religated, reducing the U L 38 portion of Uie GST-U L 38 fusion protein to 54 
amino acids (a.a.). A,^4val; B, £c<?RI; H, /findlll; K, Kpn\\ P, pPuMI; S, Sail. 



was the kind gift of Dan Tenney, Bristol-Meyers Squibb. The goat anti-rabbit 
fluorescein isothiocyanate (FITC)-con]Ugated antibody was purchased from 
Sigma Chemical Co., St Louis, Mo. The goat anti-mouse Texas red-conjugated 
antibody was purchased from Molecular Probes, Inc., Eugene, Oreg. 

Preparation of anti-U^ polyclonal antiserum. Figure 1 illustrates the con- 
struction of plasm id pRB4956 encoding the U L 38-glutathione-6"- transferase 
(U L 38-GST) fusion protein. Line 1 shows the sequence arrangement of the 
HSV-1 genome, and line 2 shows the sequence arrangement of HSV-1 (F) 
//mdlll-K cloned into the /findlll site of pBR322. The resultant plasmid, des- 
ignated pRB210, contains the U L 37, U L 38, and U L 39 open reading frames 
(ORFs). The3.1-kbp Satl-Kpnl fragment of pRB210 was ligated into theSfl/I and 
Kpnl sites in pGEM3Z (Promega, Madison, Wis.) to yield pRB4954 (Figure 1, 
line 3). The 864-bp A vol fragment of pRB4954 encoding the amino-terminal 277 
amino acids of the U L 38 ORF was ligated into thev4val site of pGex2T (Phar- 
macia). The resultant plasmid, designated pRB4955 (Fig. 1, line 4), was pre- 
dicted to encode the bacterial GST in frame with the amino-terminal region of 
U L 38. pRB4955 was digested with pPuMI and EcoRI (the EcoRI site is in the 
vector poh/linker), and the ends were made blunt with mung bean nuclease (New 
England Biolabs, Beverly, Mass.) and religated. The resultant plasmid, desig- 
nated pRB4956, contains the sequence encoding the ammo- terminal 54 amino 
acids of U L 38 fused to the GST gene (Fig. 1, line 5). DNA encoding the junction 
between GST and U L 38 was sequenced to verify that the two open ORFs were 
maintained (data not shown). Production of the fusion protein was induced by 
the addition of IPTG (isopropyl-p-D-thiogalactopyranoside) to the medium with 
Escherichia coli BL21 cells transformed with pRB4956, followed by affinity pu- 
rification with glutathione cross-linked to agarose beads (Sigma), and checked 
for purity by separation on poh/acrylamide gels followed by staining with Coo- 
massie brilliant blue. New Zealand White rabbits were immunized with the 
a trinity-purified protein as previously described (2). Samples of preimmune and 
immune serum were collected and analyzed for reactivity to U L 38 protein by 
immunoblotting. 

I'olyacrylamide gel electrophoresis and tmmonoblotting. Infected cell lysates 
were separated in denaturing gels consisting of 10% polyacrylamide and 0.2% 
sodium dodecyl sulfate, and the proteins were electrically transferred to nitro- 
cellulose sheets. The sheets were soaked at room temperature for 1 h in phos- 
phate-buffered saline (PBS) containing 5% skim milk (Carnation) and then 
reacted at room temperature for 1 h with the U L 38 polyclonal antiserum (1:1,000 
dilution) or with preimmune serum (1:500 dilution) in PBS containing 1% bovine 
serum albumin (BSA). The blots were washed three times for 5 min in PBS 
con mining 5% milk and then reacted at room temperature for 1 h with a 1:3,000 
dilution of goat anti-rabbit antibody conjugated to alkaline phosphatase. The 
blots were washed for 10 min in PBS containing 5% milk and then four times for 
10 min in PBS; they were then developed by using reagents and protocols 
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(ICP35) and mature (ICP5) capsids (33, 36) was examined at 
early (6 h) and late (16 h) times postinfection. At 6 h postin- 
fection, both ICP5 (Fig. 3A) and ICP35 (Fig. 3D) proteins are 
diffusely distributed in an irregular pattern throughout the 
nucleus. In some cells, some aggregation of capsid proteins can 
be seen (Fig. 3 A, compare cells labeled a and b), which 
progresses to form discrete, brightly fluorescent structures by 
16 h postinfection (Fig. 3B [ICP5], cell labeled a; Fig. 3C 
[ICP5]; Fig. 3E and F [ICP35]). The localization of the tegu- 
ment protein, a TIF (Fig. 3G to I), is discussed below. 

Colocalization of U L 38, ICP35a-f; and ICP5. As previously 
reported (44), the U L 43.5 protein colocalizes with ICP35 in 
dense, strongly fluorescent nuclear structures (Fig. 4a to c). In 
this series of experiments, we asked whether these structures 
contained exclusively proteins associated with immature cap- 
sids by comparing the localization of three proteins associated 
with mature (ICP5 and U L 38) and immature (ICP5, U L 38, and 
1CP35) capsids. The 11^38 protein was detected with FITC- 
conjugated antibody against rabbit IgG. ICP5 and ICP35 were 
detected with Texas red-conjugated antibody against mouse 
IgG. The results of these studies show that in some cells, ICP35 
and I CPS (Fig. 4g, j, and m) aggregated in both diffuse and 
highly dense, strongly fluorescent nuclear structures. Colocal- 
ization of these proteins with the U L 38 protein is visualized by 
yellow fluorescence (Fig. 4, right-hand column). U L 38 protein 
colocalized both with ICP35 and ICP5 in the dense, strongly 
fluorescent nuclear structures (Fig. 4k, 1, n, o, q, and r) and 
with the diffuse, less strongly fluorescent ICP5 (Fig. 4n and o) 
but not with the diffusely distributed ICP35 (Fig. 4h and i). In 
Tig. 4, we have illustrated the dominant pattern consisting of a 
small number of dense structures (three to eight) prevalent in 
the infected-cell nuclei late in infection. In some cells, partic- 
ularly in those in which infection was retarded, the nuclei 
contained a large number of relatively smaller dense, fluores- 
cent structures. This is illustrated in Fig. 5b and c. To define 
tiie localization of these dense structures more precisely, in- 
fected cells were reacted simultaneously with rabbit polyclonal 
ami body to glycoprotein M and with monoclonal antibody to 
1CP35. As illustrated in Fig. 6g to i, the dense, strongly fluo- 
rescent nuclear structures containing ICP35 were separated 
from the uniform shell formed by glycoprotein M in the nu- 
clear membrane. 

Tegument proteins partially overlap the dense, strongly flu- 
orescent nuclear structures containing capsid proteins. We 
have examined the localization of two tegument proteins, U s ll 
and « TIF. U s ll protein accumulated in diffuse nuclear regions 
a i or near nuclear membranes in most of the infected cells, in 
addition to nucleoli as previously reported (39). Even in cells in 
which U L 38 protein is largely in the dense, strongly fluorescent 
nuclear structures, the U s ll protein overlapped only in part 
with these structures containing capsid proteins (Fig. 4d to f). 

The localization of otTlF was examined under five condi- 
tions, i.e., in cells infected with HSV-1(F) or with viruses car- 
rying is mutations in U L 15 [HSV-l(mP)fc66-4] or in aTTF 
(R2603) and maintained at either permissive or nonpermissive 
temperatures. The results of these studies were as follows, (i) 
Abrogation of DNA cleavage and packaging did not affect the 
appearance of any of the compartments defined by the pres- 
ence of capsid proteins or proteins associated with DNA syn- 
thesis in cells infected with this mutant virus at the nonpermis- 
sive temperature, (ii) As a general rule, aTTF was an abundant 
nuclear protein that was present either diffusely throughout 
the nucleus (Fig. 5a) with accumulation of protein in nuclear 
membranes (Fig. 3G and H) or aggregated and only partially 
lllling the nucleus (Fig. 31). The compartment occupied by 
aTTF was considerably more diffuse and only partially colocal- 
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sociated with DNA replication accumulate in a specific nuclear 
compartment that is defined by the presence of the viral single- 
Mianded-DNA-binding protein ICP8.(9). We examined the 
dist ribution of another protein associated with viral DNA syn- 
t'lesis, the polymerase accessory protein encoded by Ut42. 
Our observations, supported by other co localization studies 
described below, are that the viral DNA repli cation compart- 
ment abuts but does not overlap the dense nuclear fluorescent 
structures containing capsid proteins (Fig. 6a to c). Studies 
with monoclonal antibody to ICP8 yielded similar results (not 
shown). 

Co localization of U L 15 protein with proteins involved in 
viral DNA synthesis. Earlier studies have shown that U L 15 
protein is redistributed from the cytoplasm to the nucleus 
between 6 and 12 h after infection - (1). In this study, the 



FIG. 4. < ' - J V i cells fixed and stain t J 16 h postinfection and double labeled with combinations of antibodies to viral 

proteins an. >. .11 I iluoresceiice) or ar i-i abbit IgG conjugated to F1TC (green fluorescence). Single-color images were 

captured n t- the two colors wei o ilicn captured simultaneously and are shown in the right column. The yellow 

color visua rx. *. . .« ai localization of red and green fluorescence, (a to c) ICP35 (red) and U L 43.5 (green); (d to f) U s ll 

(red) and t. ra 1, . j to I. ICP35 (red) and U, 3$ (green); (m to o) ICP5 (red) and 1^38 (green); (p to r) ICP5 (red) and 

U L 38 (greei . ■» " v J by Zeiss with the instrument and printed by a Codonics CP210 printer. The abundance of U L 43.5 

protein is I *'o t . ' T j 4.1.5 v^.is digitally en In need to match that of ICP35. 
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FIG. 5. ( ' in ttu U L 15 ci j r> cj Vero cells incubated at the permissive (a to c and g to 1) or nonpennissive 

(d to f) ten;, \ . ul ie Libels . jbin;i lions of antibodies to viral proteins and with the appropriate secondary 

antibody a ■ . <jn iluoi - ^ ingle-color images are represented in the left and middle columns; the right 

column rej- . • >Um \ -imj ■ . i llt ; over la id images (right column) represents coiocalization of red and green 

fluorescein t* ai ■* ly; (g t • ■ ; '<> I) ICP5 (red) and U L 15 (green), respectively. The images were captured 

with softw; i <_\ Jonici ( nter. The fluorescence signal obtained for the individual proteins shown in 
this figure 1 
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1 ' s 1 1 was in asymmetrically arranged masses near the periph- 
c y of the nucleus, adjacent to or partially overlapping with the 
c . use nuclear structures containing capsid proteins, although 
t e distribution of the two proteins varied somewhat from cell 
t i cell. We did not observe significant differences in the com- 
I trtmentalization of the proteins studied here in cells in which 
cither DNA packaging was abrogated (U L 15 ts mutant) or 
\ ions did not mature (alTF mutant). 

The hypothesis that the dense, strongly fluorescent struc- 
t res contain both protein forming immature capsids and the 
i mature capsids themselves, in addition to any mature cap- 
s'. Is which may also be present, is supported by two observa- 
i ms: (i) the presence of large amounts of ICP35 protein 
\ 'iin these structures and (ii) the formation of these struc- 
t es in infected cells under conditions in which immature 
c >sids (lacking viral DNA) are made, viral DNA accumulates 
i he form of concatemers, but the DNA is not cleaved from 
c catemers and packaged into the preformed capsids (1, 26). 
t < t lie time points investigated in this report, infectious virus 
;. 1 1 mulates exponentially, and we assume that this represents 
t time of maximum assembly of capsids. "Dense fluorescent 
i jlear structures," albeit descriptive, is an unsatisfactory term 
1 these structures, and we propose to designate them assem- 
I ns, i.e., bodies in which proteins involved in capsid assembly 

regate and most probably assemble. 

lie arrangement of assemblons in the periphery of the 

iv v lens surrounding and abutting the compartment containing 
l proteins involved in viral DNA synthesis suggests the ex- 
i nee of a machinery which feeds upon (i.e., captures, pack- 
a s, and cleaves) viral DNA generated within the DNA syn- 
t -is compartment. The distribution of U L 15 protein raises 
s ie interesting issues. U L 15 bears partial homology to the 
I ie riophage terminate involved in cleavage and packaging of 
I ge DNA (7, 29, 32), and analyses of a is mutant virus 
i ealed the requirement for functional U L 15 protein for 
c ivage and packaging of HSV-1 DNA into capsids (1, 26). 
I a use it is generally thought that cleavage of newly synthe- 
s d viral DNA occurs concurrently with its packaging (re- 
\ ved in reference 36), it could have been predicted that 
I 15 would colocalize with immature capsids or with struc- 
i es associated with capsid assembly. Thus, the colocalization 
i J, 15 protein with proteins involved in viral DNA synthesis 
a \ conversely, the virtually complete exclusion of U L 15 pro- 
t . i from the assemblons were unexpected. Our results suggest 
t t U L 15 becomes associated with DNA-protein complexes 
\ m" to packaging and that it may even be an accessory com- 
[ cut of the machinery which synthesizes viral DNA 

ii contrast, and with few exceptions, the two tegument pro- 
t s investigated in this study (e.g., Fig. 5d to f) were localized 
c er to nuclear membranes than were the assemblons. We 
1 o not resolved the question of whether tegument proteins 
I I to capsids during capsid assembly or at the time of en- 

v ipment. Both U s ll and otHF are abundant virion proteins; 
1 vever, our results suggest that the assemblons do not con- 
l i large amounts of U s ll or otTEF as might be expected if 
t '.intent proteins bound to capsids within these structures. 

i he conclusions drawn from these studies have generated a 
t > nber of t] ues t ions. In principle, we could have expected that 
; -Miibly of capsids in the nucleus would occur at random but 
I 1 1 he capsids would move radially to the nuclear membrane. 
1 j fact that the capsid proteins accumulate in assemblons 
> cests that assembly is facilitated by and is dependent on 
} .ein concentration. This raises the question of the mecha- 
i ns which result both in the coalescence of the capsid pro- 
tc is into assemblons and in the segregation of proteins in- 
\ ed in DNA synthesis and those forming the tegument. 
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